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SECTICN 1. INTRODUCTION

The proktlem of detz<ting trace gaseo in the lower troposphere by
electromagnetic radiations and absorptions measured above the
atnosphere can be treated in two parts. The first is computation
and listing the electromagnetic frequencies which characterize
those molecules which are gases at temperatures ambient on the
earth's surface; namely, about 300° K. These frequencies in

increasing magnitude are caused by {(we igncre nuc! ar spin flip):

1. Electron spin flip between hyperfine energy levels split
by the earth's magnetic field (decametric and microwave)

2. Rotation (microwave and infrared)

3. Vibration (infrar=d)

4. Electronic excitations (visible and ultravio’-t).
The correspording blackbody temperatures are shown in Figure 1-1.

The second part, fcr those frequencies which may possibly be
detected through the rlanket of the earth's atmosphere either

in absorption or emissicn, comprises examination of methods of
their detection. Tihe electromagnetic "windows" in the atmosphere
are shown in Figure 1-2. Besides the rather narrow windows in
the visible and in the near infrared, there is the broad radio
window extending rom about 2 Mc to about 2 kMc (see Fjjure 1-3).
Transmission ir the far infrared and microwe e regions is blocked
by absorption of water vapor, CO2 and ozone. The atmospheric
transmission in the visibl: and infrared is shown in more

detail in Figure 1-4.

Remote sensing geometry is shown in Figure 1-5. Transmission
spectra of the earth as seen from satellite altitude are shown
in Figures 1-7 through 1-13. The noise spectrum of the sky with
equivalent temperature. is shown in Figures 1-14 and 1-16.

_
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Figure 1-2. Illustrating the Obstruction by the Atmosphere to Electro-
Magnetic Waves and the Optical and Radio "Windows" [Ref. 1-1]
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Figure 1-3. One-Way Attenuation Through the Standard Summer
Atmosphere Due to Oxygen and Water Vapor [Ref. 1-2]
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(b) Atmospheric Absorption Spectrum for a Solar Beam Reaching the Ground;
(c) The Same for a Beam Reaching the Tropopause in Temperate Latitudes;
(d) Attenuation of the Solar Beam by Rayleigh Scattering at the Ground
and at the Temperate Tropopause [Ref. 1-5]
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Figure 1-7. Transmission vs Wavelength Due to Haze Extinction [Ref. 1-6]
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Figure 1-11. The Effect of Water Vapor on Radiance [Ref. 1-6]
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Molecules which may exist as trace gases at 300° X near ti »
surface of the earth, and the sources which mijht produce them,
are listed in Table 1-1.
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Table 1-1. Atmospheric Trace Gases: Candidates for Assessment

SPECIES

USE

NH3, NH,NO, (NHZ)Z’ (CH3)2N2H

2

FREONS : CFC13, CFXC1y, C F Cl

nFxClys ETC.
PH,, MUSTARD GAS, CONSTITUENTS OF
BI=COMPONENT NERVE GASES
INSECTICIDES

ETHER, N20, (CF3) oy (C2F5)20, Xe
GASES ASSOCIATED WITH TNT, RDX, ETC.

HF, C1 H,S0

Brz, HC, HN03, 2°0s

2, F2,
BENZENE, CH,OH, C2H OH, ACETONE,
ANILINE, SOEVENTS, EACQUERS, TUNG OIL

THIOMERCAPTANS : RSH, RCSOH, HYDROCAR-
BONS

H2504, SO3

CLEANING SOLVENTS, E.G., CC]4

SF6

SiFys S1'2F6

Asd3

ACETYLENE, ETHYLEZNE. N,O

2
GASOLINE, KEROSENE

TERPENES, HEPTANES, RESINS, LARGE
AROMATICS, OILS

N S0,, H,S

2’ 2

4 C2H6, THIOPHENES

20, o, C02, CH

HYDROCARBONS, CH

4,

1-20

NON-CRYOGENIC PROPELLANTS; MANUFACTURE
OF PROPELLANTS

REFRIGERANTS AND HYDRAULIC FLUIDS

CHEMICAL WARFARE

ANESTHETICS
EXPLOSIVES

CHEMICAL FACTORIES
FABRICS AND FINISHES

PETROLEUM REFINERIES

SUPERPHOSPHATE MANUFACTURE
CHEMICAL FACTORIES

UF. MANUFACTURE

6
SILICONE AND PLASTICS

STEEL MILLS AND METAL FABRICATION

COMMERCIAL FABRICATION OF PLASTICS, GASES

BREATHING OF STORAGE FACILITIES AT
REFINERIES AND DOD BASES

NATURAL PRODUCTS FROM FOREST AND
DESERY PLANTS

DECAYING VEGETABLE MATTER
NATURAL OIL SEEPS
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SECTION 2. THE ELECTROMAGNETIC SIGNATURES

2.1 MAGNETIC SPIN FLIP IN THE EARTH'S MAGNETIC FIELD
1-10 Mc; MAGNETIC MOMENTS OF GASES

Magnetic dipole resonance radiation is a well-known laboratory
phenomenon and is to be expected for atmospheric gases which have
unpaired electron spins. The spins couple with the various angular
momentum vectors which characterize the molecules, and the
resultant states of total angular momenta are further split
energetically in the earth's magnetic field. There resulted
energy transitions between these states by emission and absorption
of radiation, and by both of these mechanisms occurring
simultaneously, namely by resonance reflection. Resonance
reflections for the more abundant free radicals seem already

to nave been observed with the ionosonder transmitters and
raceivers on tne Alouette satellites [2-1]. These transmitters
emit pulses of electromagnetic radiations at 30-second intervals,
sweeping in freguency from 0.2 to 14.5 Mc. After each pulse,

the onboard receiver listens for 33 msec and records the

frequency of the detected signal and the delay time of arrival.
From the frequency of the resonantly reflected radiation, the

g value of the molecular species causing the scattering may

be computed, according to the relation

hv = gquH
where H = the local earth's magnetic field,
u = eh/2 Mc is the magnetic moment of a free electron
of Mass M, and
h = Planck's constant.




The numerical value of g that characterizes a given molecular
species is a function of the way the electron spin is coupled

in the molecule and is dependent on the strength of the

magnetic field. Some g values have been measured for atmospheric
free radicals at low magnetic fields and some have been computed.
By measuring the frequencies of the returning signals detected by
the Alouette receivers, g values have been evaluated and compared
with values of g either computed or measured in the laboratory.
In this way, it is found that OH, NO, N and O were the species
returning the signals, see Figure 2-1 and Table 2-1. Thus, the
species responding to the signal causing the excitation may be
identified by evaluating their characteristic g values. In weak
magnetic fields such as that of the earth, spin orbit coupling

is strong and plays a major role in producing g values well below
the value 2.00 which characterizes free electron spin flip and

synchrotron radiation.

To further strengthen the case for detecting trace gases in the
atmosphere at large distances, it may be pointed out that prob-
ably the strong decametric radio signals emitted from the atmos-
ohere of Jupiter may be similarly caused by magnetic dipole
emissions from the abundant free radicals expected to exist in

its reducing atmosphere.

Table 2-1 shows a list of g values, evaluated for the most

part from theory. This list seems to comprise the totality of

g values that have been computed up to now [Ref. 2-2]. Many more
g values should be computed to define the magnetic dipole signa-

tures of the gases which may be candidates for remote assessment

such as those listed in Table 1-1. Considering the fact that

electron spin resonance (ESR) has been a laboratory diagnostic

2-2
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0.71-0.74 OH Ground M
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0.80 NI Metastable ‘Dy.y
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1.00 N Il Metastable ‘D,
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1.33 N1 Metastable 2P
1.33 O Il Metastable P
135 OH Ground M
1.50 N [l  Metastable P,
1.50 ol Ground P,

Figure 2-1. Lande” g Values for Atomic and Molecular Species Observed
in Earth's Ionosphere Over Antarctica Compared with Calculated Values




Table 2-1. Values of g for Expected Electron Spin Resonance

Signals from Possible Molecular Species
in the Jovian Atmosphere [2-2]

MOLECULAR SPECIES STATE g VALUE
| -2.0030
-1.00133
A 3. | -0.66753
-0.50064
s -0.154§
-0.151
g 2n3/2 '(-0.1379
-0.1239
s -0.13399
-0.14121
OH : 2n1/2 | -0.0025
i +0.0033
0
CH 2 0.
n1/2 | | -0.0003
NH 3. | -0.0002
CH | 243/2 ! +0.069
{ 4 |
i | +0.10010
ok f 3. {+0.16683
CH 2.1/ +0.2079
CH | 21372 +0.2592
| +0.3367
NH 3. {+o.40049
OH 2.4/2 0.32442
+0.3423
CH 2072 { +0.4971
OH 2372 0.48407
+0.60061
NH 3. { 0.6674
NO 2132 0.76-0.79
CH 212 0.8702
OH 2475 0.93399
NH 3, 1.0010




technique for at least 20 years, it is surprising that so few
weak field g values have been computed or measured. The

reason seems to be that ESR laboratory measurements are usually
performed at high field strengths where the electron spin
uncouplas from the angular momentum vector, and the resulting

g is therefore equal to two within a few percent.

If we should want to assess the lower troposphere by exciting

it with a decametric transmitter and listening for its reflection,

we might ask about the international acceptability of
interrogation of the atmosphere by sounding from satellite
transmitters. The fact that the succession of Alouette
satellites has been so doing at =0.2-15 Mc and at an average
power of 300 W since 1966 answers the question; namely, there
has been no protest against such sounding. Instead, the
gquestion may become what may be the maximum frequency and

power at which routine sounding may be acceptable.

Another question concerns that of multispectral irradiation

of a country by transmitters based in nearby countries. There
is much precedence for this practice such as irradiation by The
Voice of America, by national radio stations, FM broadcasts,

TV stations, amateur radio transmitters, citizens band class
transmitters, marker beacons, coast guard and space satellite
communications, microwave communications, civilian and military
air traffic control radar, emergency aircraft survival, ship
navigation, etc. We may recall that the earliest satellites
were at a low enough altitude and of such metallic cladding
that they were visible by reason of reflecting sunlight to

the surface of the earth after sunset, a form of electromagnetic
irradiation. Thus, it seems a foregone conclusion that further
active irradiation of the earth's surface by electromagnetic
assay will continue to be accepted without protest, unless the

frequency approaches the ultraviolet.




2.2 ROTATIONAL FREQUENCIES, 1-100 cm-l, MICROWAVE,

A =1-0.01 cm

A molecule must be asymmetric in order for it to be able to
emit electromagnetic radiation by transition between its
rotational energy levels in the ground vibrational state. Thus,
homopolar molecules such as 02, Nz, Hz, etc., are not emitters.
Instead, they exchange energy at these frequencies by collision.
For asymmetric molecules, the change in energy Ae by emission
and absorption between rotational levels in the ground state

is given by (see Figure 2-2):

Ae = 2B(J + l)em *
Je>J+1 (2-1)
B = (h/81r21c\.cm"1

where I = moment of inertia about a molecular axis.

At ambient environmental air temperature =300°K of interest

to the remote assessment problem, essentially all molecules

are in the ground vibrational state. Thus, to a first
approximation, the rotational emission is a sgries of equelly
spaced frequencies, as shown in Figure 2-2, for linear molecules.
For nonlinear mclecules there are corresponding moments of
inertia about three geometric axes and therefore as many as

three sets of rotational emission and absorption lines.

At 300°K, only the lowest rotational levels are populated, and

thus, only the lines corresponding to the transitions J «+ J + 1
where J = 0,1,2,3 play a significant role. The population of
the Jth level relative to the ground state for diatomic .

molecules approximately by

2-6
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N, £ (23 + 11) e BhcI(J+1)/kT

3 (2-2)

as descriced Herzberg's books [2-4]. For example, for
B =10 cm-l at AC ¢, the peak population occurs at J = 3,
and for J > 10, uwn.e population has decreased by a factor of

>40.

at 300° K, the energies E of these lines are broadened by AF
by the Doppler effect, namely, by kinetic motion of the emitting
and absorbing molecules, where AE/E = 0.30.

The most energetic of these rotational frequencies in them-
selves provide largely an academic signature of trace fgases

in the lower troposphere because absorption by atmospheric

water vapor inhibits tlleir assessment by observation through

the atmosphere (see Figures 1-2 and 1-3). Naeavertheless, despite
attenuations of up to 100 dB in travercring the atmosphere, the
emission from rotational transitions of at least 20 molecules

as complex as seven atoms, emitting from interstellar media,
have been observed with ground-based radio-telescopes. Further-
more, submillimeter rotational radiation in the earth's atmos-
pt. e has been measured from a2irplanes for atmospheric polar

0, N,0, NO, SO 0 HNO and NO,.

molecules such as H 3’ 2

2 2 2’ 73!
Rotatirnal and vibrational frequencies combine to produce
vibration-rotation or vibronic spectra, some of which lie in
the observable "window" in the near infrared, and some of which
may be observed by Raman backscatter, for our purpose of remote

assessment of gases in the low troposphere.

The rotational frequencies for several diatomic molecular
species which exist as components of room temperature gases,
computed from Equation 2-1, and their respective intensities
computed frow Equation 2-2, are listed in Table 2-2.
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2.3 VIBRATIONAL FREQUENCIES, 10° - 10% cm™!, INFRARED, A = 1-100y

At ~300°% , nearly all molecules are in the ground vibrational
state so that vibrational transitions occur only from the

ground state (v = 0). Transition to the next vibrational

state, v = 1, is the fundamental absorption, and besides this
there are the much weaker first and second overtones caused

by the transitions (v = 0) » (v = 2) and (v = 0) + (v = 3)

(see Figures 2-3 and 2-4). The corresponding vibration frequen-

cies for emission and absorption are given by

v, T we(l - er)
vy = Zwe(l - 3xe) (2-3)
v2 = 3me(l - 4xe)

where We is the zero point vibrational frequency, and X is
the correction for anharmonicity, both of which are listed in
Herzberg's tables ([2-4].

To a first approximation, the energy of a vibrating, rotating
molecule is the sum of the separate vibrational and rotational
energies. Under this simplification, one finds that the
vibrational-rotational transitions are given by

v = w_+ 2B 4im (2-4)

where Am = *1, 2.
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and the First Overtone {(Centered at abQut 4260 cm ') of Carbon
Monoxide; the Fine Structure of the P Branch in the Fundamental
is Partially Resolved (Gas Pressure 650 mm Hg in a 10-cm Cell)
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Positive values of the quantum number Am account for frequencies
in the R-band and negative values for the P-band (see Figures
2-5 and 2-6). Lines arising from AJ = 0 are called the Q-branch
(see Figure 2-7). The maximum intensity in the rotational
spectrum (characterized by J, see Equation 2-1) occurs at a
vibrational-rotational frequency displaced from Vo by *Av where

Av = /8kT B/hc + 2B. (2-5)

The quantities Vor Vyr Vp and Av have been computed for several
diatomic gases and diatomic subcomponents of molecules at
300°K and are listed in Table 2-3, in units of cm 1.

For polyatomic molecules there are many more vibrational
frequencies characterizing each molecule, and the frequencies
are less well measured so that the anharmonic correction X
may not be known. Since it is a small correction, lack of its
definition will not‘be too detrimental to remote assessment

by measuring infrared frequencies. Measurement of two or more
characteristic frequencies should allow the active molecule or

a subgroup of the molecule to be determined.

Characteristic infrared frequencies for polyatomic gaseous
molecules and their subgroups, as computed frcm Herzberg's
tables [2-4], are listed in Table 2-4 in units of cm .

Characteristic frequencies for many kinds of subgroups and

ligands in hydrocarbon molecules are listed in Table 2-5.
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Under Higher Resolution than in Figure 2-4. (Gas Pressure
100 mm Hg in a 10-cm Cell.) The Lines are Labeled Accord-
ing to Their J Values.
Presence of a "Hot Band" Centered at about 2100 cm=1; Some
of the Rotational Lines from this Band Appear between P
Branch Lines, Others are Overlapped by a P Branch Line

and lee it an Enhanced Intensity (e.g., lines P(16)
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The Center of the Fundamental Band of Carbon Monoxide
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Figure 2-6. The Fundamental Band of Figure 2-5 under Very Low
Resolution; A1l Rotational Fine Structure Has Been
Lost, and a Typical PR Contour is Seen
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Figure 2-7a. The Rotational Energy Levels
for Two Vibrationa] States Showing the
Effect on the Spectrum of Transitions

for Which ad = 0,
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Figure 2-7b. Spectrum of the Bending Mode of the HCN Molecule
Showing the PQR Structure. The Broad Absorpticn Centered
at 800 cm-! is Due to an Impurity
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Figure 2-7c. The Contour of a PQR Band Under Low Resolution
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Figure 2-7d. The Spectrum of a Bending Mode of Acetylene, HC = CH,
Showing the Strong, Weak, Strong, Weak, ... Intensity

Alternation in the Rotational Fine Structure Due
to the Nuclear Spin of the Hydrogen Atoms
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Figure 2-7¢. The Parallel Stretching Vibration, Centered at
1251 cm=!, of the Symmetric Top Molecule Methyl lodide,
CH3I, Showing the Typical PQR Contour
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Table 2-3. Vibrational fFrequencies for Diatomic Molecules
and Bandwidth Av in Units of cm™)

K ¢! "2
Wy Xe me(l-ZXe) Zme(l-3xe) 3we(l-4xe) 3 Av
Cl, | 564.9 | 0.0071| 557 1106 1647 | 0.2438 | 20.4
CIF | 793.2 | 0.0125| 773 1527 2061 | 0.5165 | 30
€10 | 780 780 1560 | 2340
F, | 892.1 |0.0504 | 802 1514 . 2136
1, | 214.57]0.0029 | 213 425 | 636 | 0.0374 7.8
I8r  268.4 | 0.0029 | 267 532 796
IC1 | 384.28] 0.0038 | 382 760 1135 | 0.1142 | 13.8
10 | 687 | 0.0073| 677 1344 2001
N, | 2359.6 | 0-0061 | 2381 | 4633 6906 | 2.010 61
NH 3300 3300 | 6600 9900  |16.65 | 197
O ‘ 1904.0 | 1904 | 3808 5712 | 1.7086 | 55
NS | 1220.0 1220 2440 3660 i |
0, ! 18764 0.0088 | 1843.4 3654 431 1.4456 | 51
OH ' 3735.2 | 0.0222 | 3569 6973 10211  |18.871 I 212
PH 2380 | 2380 | 4760 7140 ! 4.363 | 93
PN | 1337.2 | 0.0052 1323 | 2633 3928 | 0.7862 37
PC | 1230.6 | 0.0053 | 1218 | 2422 14 0.7613 | 37
SiH ' 2080 2080 4160 | 12480  7.4% 125
S G |G eW ) I e ;
SiCl 535.4 | 0.0041 | 531 | 1058 1580 |
SiF| 856.7 | 0.0055| 87 | 1685 2514
|SiN | 1151.7 | 0.0057 | 1139 } 2265 3379 | 0.7310 | 36
'si0 | 1242.0 | 0.0049 | 1230 | 2447 3653 | 0.7263 | 36
SiS | 749.5 | 0.C034 | 741 | 1484 2018 | 0.3036 | 23
'S0 | 1123.7 | 0.0054| 1112 | 2211 3298 | 0.7089 | 35
i .
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Table 2-3. Vibrational Frequencies fo' Diatomic Molecules
and Bandwidth av in Units of cm-! (Cont.)

0 ‘1 -

We Xe we(l-er) Zme(l-3xe) 3me(1-4xe) B Av
HF | 4138.5 | 0.0218 | 3958.1 7735.7 11332.9 |20.939 | 226
HC1 | 2990.6 | 0.0174 | 2886 5668 8347 110.5909 | 152
HBr | 2649.7 | 0.0171 | 2559.1 5027.5 7405.4 | 8.473 | 134
HI | 2309.5 | 0.0172 | 2230.4 4381.8 6451.8 | 6.551 | 116
H, |4395.2 | 0.0268 ! 60.809 | 435
HS 9.47 143
CO |2169.7 | 0.0061 | 2143.2 | 4260.0 6350.3 | 1.9212 | 60
NO | 1904.0 | 0.0073 | 1876.2 3724.6 5545.2 | 1.7046 | 56
IC1 | 384.2| 0.0038 | 381.3 759.6 1135.1 | 0.1142 | 14
N, | 2360
8 |1051.3| 0.0089 | 1032.6 . 2046.5 3041.6 | 1.212 47
BF | 1265.6 | 0.0072 | 1247.4 2476.5 3687.5 | 1.518 53
BC1 | 839.1| 0.0061 | 828.9 1647.5 2455.9 | 0.6838 | 35
BBr | 684.3( 0.0051 | 677.3 1347.7 2011.0 | 0.490 29
BH | 2366 | 0.0207 | 2268 4438.1 6510.3 (12.018 | 163
Br, | 233.2/| 0.0030 | 231.8 437.4 641.7 | 0.0809 | 12
Brc1| 430 | 0.0067 | 424 843 1255
Brf | 671 | 0.0045 | 665 1315 1959 | 0.3572 | 25
BrO | 713 | 0.0010 | 711 1422 2130
CH | 2861.6 | 0.0225 | 2732 5337 7812 |14.457 | 182
o |2170.2| 0.0062 | 2143 4260 6349 | 1.9212 | 60
CN | 2068.7 | 0 64 | 2042 4058 6047 | 1.8996 | 59

PAGE 2 OF 2
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Table 2-4.

Infrared Vibrational Frequencies
for Polyatomic Molecules

Vs | Vg | Va 1 Vg bV Ve v
(cmll) (cmgl) (cmgl) (cmgl (c;_l) (cg_l
NO, 1320 750 | 1618
N0 2224 | 1285 589
CK4CHO 2967 | 2840 | 3736 | 1793 | 1441 | 1390
HC,CHO 3326 | 2858 | 2106 | 1696 | 1389 944
Trans C,H,C1 3071 | 1576 | 1270 844 349 | 898
Cls 3086 | 1591 | 1179 711 173 876
| C,HC 3096 | 1590 | 1250 850 633 | 452
| CaN, 2267 | 2119 692 | 2241 | 1154 | 504
i C,0,C1, | 1778 | 1078 619 465 176 | 360
1 C,U, 1571 4 237 1000 w7
| CHiNH, 13361 2961 | 2820 | 1623 | 1473 | 1430
, H,-C=C=CH,. 3015 | 1443 | 1073 865 | 3007 1957
CHy-C:CH 13335 2041 | 2142 | 1382 931 ' 3008
CH0 13005 | 1490 | 1266 | 1120 . 877 | 3063
SF, 769 640 940 614 | 522 344
UF, | 667 | 53 626 189 | 200 ' 144
BH 252 2104 | 1180 | 794 | 829 | 1748
CHe ' 2954 i 1388 | 945 278 | 2896 | 1379
Gl 2914 g7 | o 500 | 262
CHCHO 1 3102 3000 | 2800 | 1723 | 1625
H,0 3652 | 1595 | 3756 i
H,S | 2611 1290 | 2684
HySe . 2260 | 1074 2350 | |
0, I 1151 I 524 | 1361 |
No, 1320 | 648 | 1621 |
F,0 830 | 490 | 1110
1,0 680 | 330 973
==
PAGE 1 OF 4
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Table 2-4.

Infrared Vibrational Frequencies
for Polyatomic Molecules (Cont.)

‘Jl \)z1 \)§1 \)&1
(em *) | (em °) | (em ) | (em )
| NH 3337 950 3414 1628
PH, 2327 991 2421 1121
PF, 890 531 840 486
PC13 510 257 480 190
PBr, 380 162 400 116
AsF, 707 341 644 274
AsCl 410 193 370 | 159
| CH, 2914 | 1526 3020 | 1306
SiH, 2187 978 2183 | 910
' CFy 904 43 1265 630
SiF, 800 | 260 1022 420
CCly 424 150 608 221
CBr, 267 | 123 | T2 183
SiBr, 249 90 | 487 137
co, 1337 667 { 2349
cs, 657 | 397 1523 !
HCN 2089 | 712 3312 ‘
CICN 729 ; 397 2201 |
BrCN 580 | 368 2187 |
ICN 470 | 321 | 2158 : |
5CO 859 £27 { 2077
NNO 1285 | 589 | 2224
| BF 5 883 691 1446 430
: BC13 471 462 958 243
| BBr, 279 372 806 151
50, 1069 652 1330 532

2-26
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Table 2-4. Infrared Vibrational Frequencies
for Polyatomic Molecules (Cont.)

v v \YJ \YJ \YJ v
) |l | en) | | o) | el
I

3374 1974 3287 | 612 729
2322 842 | 2149 506 | 2226
2766 | 1746 | 1501 | 1167 | 2843
2968 | 1355 733 | 3044 | 1488 | 1017
2972 | 1305 611 | 3056 | 1443 954
2953 | 1251 | 533 | 3060 | 1438 883
3070 | 2152 | 1388 | 1118 | 588 | 528
3077 | 2102 | 1414 | 1170 564 406 !
3570 | 2943 | 1770 | 1387 | 1229 | 1105
3326 | 2271 2077 876 663 500|
2200 830 | 2258 | 1573 577 550
1073 286 | 1185 540 265
j026 | 1622 | 132 | 1027 | 3103 | 1236

] i
2869 i 2607 | 1335 708 | 3010 ij;g
2954 | 2268 | 1389 920 | 3009 | 1454
2564 | 842 | 400
3121 | 3086 | 3030 | 1608 | 1369 | 1279
3329 2184 874 | 3329 | 2020 627
1110 | 705 | 1042

; 737
3089 | 3013 | 2992 | 2933 | 2870 | 1652 |
2997 | 2821 1448 1242 1053 929 |
2011 | 2832 | 1445 | 1325 | 1041 685
3120 | 3090 | 1486 | 1381 | 1137 | 1067
3110 | 3080 | 1404 | 1358 | 1077 | 1032
3096 | 3062 | 1428 | 1349 | 1019 923

PAGE 3 OF 4
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Table 2-4. Infrared Vibrational Frequencies
for Polyatomic Molecules (Cont.)

\ v v Vv v \V]
(cmll) (cmgl) (Cmél) (cmﬁl) (cm§1) (cmgl)

C3M3H; 3042 1132 991 837

(CoHs), 3101 3014 3014 1643 1442 1279
! (CH,) 50 2959 | 2930 1473 1461 1342 1134
| (CH),CO 2922 2871 1710 1356 1066 787
! C4HgNH 3400 3133 3100 | 1467 1384 1237
| CaHalty | 3054 1570 1230 1015 | 59 950
| L3 CyH,N, 3083 3048 3001 | 1570 | 1463 | 1146
, 1,2 CyH,N, 3063 3043 | 1572 | 1414 | 1283 | 1160

CeHe | 3088 2973 ' 2880 1496 5 1368 1105

CH N | 3054 3054 3036 | 1583 | 1482 1218
| C2H,0, - 3140 3120 ; 1689 | 1666 | 1564 1466
' CoHg 3073 995 | 1350 | 674 | 3057 | 1010

CHy-C=C-C=CHy 2914 2264 | 1381 1223 554

(CH,c0), 3023 2940 1725 1444 1275 ' 690
? |

o el e .-

HC=CH 730 ; 730 L 30

TR i
L ‘ | | |

PAGE 4 OF 4

MANY OTHERS MEASURED AND PARTIALLY EVALUATED [REF. 2-4].
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Table 2-5.

Vibrational Frequencies

of Various Groups

Group  Approximate Frequency © Group  Approximute Frequency
{cm ™1 . tem™ 1)
—OH 3600 | =0 1750-1600
\ /
—NH, 3400 SC=CC 1650
=CH 3300 C==N 1600
N L
7C—C<
H
E::r 3060 5C—N/ 1200-1000
>C—0.
=CH, 3030
C=S 10
~CH, 2970 tasym. stretch)
2870 tsym. stretch) >C—F 10s0
1460 (asyr. deform.)
1375 isym. deform.) >C-Cl S
—CH,— 2930 rasym. stretch) ~C—8r 630
2960 isym  stretchy
1470 (deformation) +C—I 530
—SH 2380
—-C= 2280 ,
—C=C— 222)
Bonid- Bond- Boad-
Croup stretehing roup stretehing aroup bending
\'Ill)rllll')l\ vieation vibratiun
=0 —H 3300 —C=r— 2050 =C-H 00
Al
. /
=C—I{ 3020 o=’ 1650 == 1100
’ “H
I
. N ‘
— 1 296,0) - ) —-H 1000
/ 4 1
N - 138
—0—H 3651 4™ —C—F 1190 A5 1450
i / i 4 'H
N 130
—3-—1t 257 — =1 650 C—H 1420
/s : t
R \\ Lo
--N—H 3330 —C—1 501 C~C=:( 200
X AN
ey 1700 — 300
/ '/
—=N 2100
cm ! em™! em
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2.4 RAMAN - INFRARED

Rayleigh scattering is well known to be elastic scattering of

an electromagnetic quantum by a vibrating electron. It can
occur only if there is an asymmetrically arranged electron able
to vibrate, that is only if the molecule containing the electron
has an electric dipole moment. In contrast, Raman scattering

is inelastic scattering of the photon and occurs because the
electromagnetic field of the photon induces an electric dipole
moment in addition to any dipole moment which may exist in the
unperturbed molecule. Then if the frequency of the photon is
and the frequency of vibration (or rotation) of the

\‘;ph
unperturbed molecules is v, the new freguency is vph + v, and
photons are scattered with frequency changed from vph to the
Raman fregquency Vop T Ve Thus, symmetric molecules such as
Ny, 02, ind H, which normally cannot emit or absorb infrared
radiaticr because of their lack of an intrinsic divole moment,
can scatter photons Raman shifted pny ¢ ifrequency which charac-
terizes the molecule provided that the molecular rotation or

vibration causes a periodic change in the induced dipole moment.

For rotational Raman spectra, the Raman-shifted wave numbers are
given dy

yoo= U, L B(4J + 6) ] 2-6

J [:m ( )] ( )
corresponding to the selectinsn rule 1J = 2, and of these, the most
important are given by th2 minus sign because the lcwer rotational

levels are the more populated at low temperatures (see Figure
2-8).

Tae fundamental frequency of the Raman-shifted vibrational

spectrum is given by




A= 42 A o= =2
J =7
[}
5
4
3
{
ft]
em ™!
ee———
—-48.— —.48.—
’I 68 § n8 l
e o o
o] ll Il llll.
L T T O T O I A R S S, B R

Stokes' lines Anu-Stokes’ lines

Figure 2-8. The Rotational Energy Levels of a Diatomic
Molecule and the Rotational Raman Spectrum Arising
from Transitions between Them. Spectral Lines are

Numbered According to Their Lower J Values
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(v =0) «+ (v =1); v, = ue(l - er) (2=7)
corresponding to Av = 1.

Since Raman-scattered light is of low intensity, the overtones

Vo Vo etc., may be neglected.

An example of a Raman-shifted irradiation frequency Vph observed
both for rotational and for rotational-vibrational modification

is shown in Figure 2-9.

Raman-shifted light usually is polarized. This is because the
induced electric dipole must be in a plane normal to the direction
of the incident light no matter whether or not the incident light
is polarized. Observation of the polarization characteristics

of Raman-scattered light may help to characterize the molecule
causing the scattering. Examples of polarizations observed in
Raman spectra are shocwn in Table 2-6 and of the modes of vibration
causing polarizations in Table 2-7. As an example, spectrograms
of visible Hg lines Raman-shifted by CCl4 and CHClZBr are shown

in Figure 2-10. Vibrational frequencies which have been observed
in the Raman mode are shown in Table 2-8.

2.5 ELECTRONIC TRANSITIONS, >lO4 cm-l, NEAR ULTRAVIOLET AND

VISIBLE A < 10,000 X

Few gases absorb visible light, which is of course why there is

a visible and near infrared "window" in the earth's atmcsphere.
Instead, electronic transitions in gases lie for the most part

at wavelengths shorter than 3000 A. Electronic wavelengths
characterizing subgroups in hydrocarbons and some of their ligands

are shown in Table 2-9.
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Table 2-6a. Infrared and Raman Bands of Sulphur Dioxide

I ?

WAVENUMBER INFRARED CONTOURS - RAMAN |

519 TYPE BAND ©  POLARIZED l

151 TYPE BAND  POLARIZED !
1361 TYPE 3AND  DEPOLARIZED

Table 2-6b. Infrared and Raman Spectra of Ni..ous Oxide

CS(em™ ) INFRARED RAMAN

589 STRONG: PQR CONTOUR; -----
1285 VERY STRONG: PR CONTOUR | VERY STRONG:POLARIZED
2224 - VERY STRONG: PR CONTOUR . STRONG: DEPOLARIZED

——— - e = - S e T =1 T oY
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Table 2-7. Activities of Vibrations

of Planar and Pyramidal
A83 Molecules

Symmerric Acnenry Vibration Pyramidal Acteny
Plunur {R = Raman, fR = Raman,
I=1nfra-Red) ! [ = nfra-Red)
l
A A
1
B ! A
) R. acuve {pol) v. 71N R: active (pol)
A ) strong symmetric ,,,B g B . strong
g g o1 mactve stretch £, Y L aewme |
4 N
¥ W
8% ’ '
b'—:¢ R: inactive vy R A , R:acuveipol)
A I active out-of-plane \'B/ ,4\5" strong
3, .3 symmetric B oactive
3 B deformation
12 =upwards
= =down-
wardst
B \ ]
Y 2. acuve(depol.) vy A : active tdepol )
A weak asvmmernic 0 weak
I actve L stretch BB B Coadtive L
B N
’ A\
.
—————e e
o
R activeidepol v, . A : active (depol.)
A weak asymmetric SN weah
L B B
¢ Iooacuve L Jeformatien B active o
3 Y
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Figure 2-10. Raman Spectra of CClq and CHC12BR Showing Anti-Stokes Lines
after Glocker. Raman Lines are Indicated at the Top of Each Spec-
trogram; Hg Lines at the Bottom. The Exciting Line Has Been
Reduced in Intensity by a Screen. 1In (a) the Stokes Raman
Lines of CF14 Occir Both Through E<c1tat1og by the Line

+358.3 A and by the Line 4046.5 A
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Table 2-8.

rrequency
(cm™")

3400-3.300
3,380-3.340
33
3.358-332s8
3350-3.300

3.335-3.300
3,300-3,250
3.310-3.290
3,199-3,145
L1725 -3,154

3,103
3100-3.020
3.100-3.090
3,095-3.070

3,062

lns?
1,040-13.000

3nle
1990-2.95
2386-2974

29691963
2929-1912
28842383
23612849
28502700

2,590-2,560
236-2.2313
L301-2.20
2300 -2.250

1.264-2,25
1289

w20-2,100

2210-2.000
1172

Li51-2.134

2160 -2 100

2186-2.140
0
2,094

1049
1974
1964-19¢1
1,870-1.340

Vibration

Bonded antisymmetric NH, stretch
Bonded OH stretch

CH streteh

Bonded untisymmetnic NH, stretch
Bonded NH stretch

=CH Stratch

Bonded symmetric NH, stresch
bonded NH stretch

Bonded symmetric NH, stretch
Bonded NH stretch

Anusymmetric =CH, stretch
CH, Stretches

Aromatic CH stretch
Antsymmetnc =CH, stretch
CH Stretch

Aromatic CH stretch

CH Siterch

Svimmetric =CH, stretch
Symmetric =CH, stretch
Symmeteic NH, ™ streteh

Antisymmetae CH, stretch
Anusymunetric CH, stretch
Symmetrie CH, stretch
Symmetnic CH, stretch
CHO Group 12 bands)

3H Stretch
C=C Steeten o2 bands)
CzC Steet<h 12 bands)

Pecudoantisymmetnic N=C=0 stretch

Symmetnc C=C-C=C stretch

C=N Stretch

C=N Stretch

Pveudoantisymmetnc N=C=S stretch
12 bands}

C=N Stretch

Symmeteic C=C.C=C stretch

~=C Streich

C=C Stretch

C=N Stretch

Antisvmmetric N=N=N stretch
=N Stretch

Pseudoannisymmetne C=C=0 stretch
C=C Stretch

Antisymmerae C=C=C streteh
Symmetnic C=0 stretch
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A Summary of Characteristic Raman Fraquencies [2-5]

Compound

Pnimary amines
Aliphatic alcohiols
Acetylene (gas)
Primary amides
Secondary amines

Alkyi acetylenes
Primary anmitnes
Secondary amides
Praimary amides
Pyrazoies

Ethyiene rgas)
Cyclopropane
Benzene derivatives
C=CH, Dernvatives
Benzene

Alky! benzenes

C=CHR Derivatives

Ethylene tgas)

C=CH, Derivatives

Alkyl ainmonmum chlorides
taq. soln)

n-Alkancs
n-Alkanes
n-Alkanes
n-Alkanes
Aliphatic sldehydes

Thiols

R-C=CCH,
R-C=C.R’

isocy anates

Alkyl diacetylenes

Cyanamide
Aliphanc nitniles
Alkyl isothiocyanates

Dialky! cyanamides
Dicetylene

Ahphanc sominles
Alkylacetvlenes
Alkyi thiocvanates
CH,N,

HCN

Ketene

Acetylepe fgas)

Allenes

Saturated Senembered
ring cyehic anhydnides

PAGE 1 OF 6
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Table 2-8. A Summary of Characteristic Raman Frequencies (Cont.)

Frequency
(em™)

1.820

1,810-1.788
1.807

1.805-1.799
1,800
1,795

1.7192
1,782
1,770-1,730
1,744
1,743-1,7129

1,741 -1734
1.740-1.720
1,739-1,714
1,736
1.734-1.127

17251790

L720-0.71%

1.712-1.6%4
1.695

1.689-1,643

1.A87-1.651
1.686-1.636
1,.680-1,665
1,679
1.678-1664

1.676~1.565
1.67§

16731666
1.672

1.670-1.655

1.470-1.620
1.6A6 -1 652
16651650
14631636
1.660-16€54

16N -1.650
L.o6n -] 549
1.A6N -1 61N
1,658-15644
1.656

1.654 -1 .64
1,652-1.642

Vibration

Symmetric C=0Q stretch

C=0 Stretch
C=0 Stretch
Symmetnc C=0 stretch
C=C Stretch
C=0Q Stretch

C=C Stretch
C=0 Stretch
C=0 Stretch
C=0 Stretch
C=0 Stretch

C=0 Stretch
C=0 Stretch
C=C Stretch
C=C Stretch
C=0 Stretch

C=0 Stretch
C=0 Stretch
C=C Streteh
Nonconjugated C=0 stretch

C=C Stretch

C=C Stretch
Amide | band
C=C Stretch
C=C Stretch
C=C Stretch

C=C Stretch

Symmetrnic C=0 stretch (cyclic dimer)
C=N Stretch

Symmetrnic C=0 stretch (cyclic dimer)
Conjugated C=0 stretch

Amide [ bund

C=N Stretch

C=N Stretch
Symnetnic C=N streich
C=C Stretch

Amide | hand
C=N Streteh
C=N Stretch
C=C Stretch
C=C Stretch

Symmetnc C=0 stretch icychic dimer)
C=N Strerch

2-38

Compound

Acetic anhydnde

Acid halides
Phosgene

Noncyclic anhydrides
F,C=CF, (g1s)
Ethylene carbonate

F,C=CFCH,

Cyclobutanone

Halogenated aldehydes

Cyclopentanone

Cationic e-amino acids
{aq. soln)

0-Alkyl acetates
Aliphatic aldehydes
C=CF, Derivatives
Methylene cyclopropane
0-Alkyl propionates

Aliphatic ketones

0O-Alkyl tormates

RCF=CFR

Uracil derivatives
1aq. soln)

Monofluoroaikenes

Alkvlidene cyclopentanes
Pnmary amides (sohds)
Tetralky!l ethylenes
Methylene cyclobutane
Trialkyl ethylenes

crans-Dialky! ethylenes
Acetic acd
Aldimines
Farmic acid (aq. soin)
Uracil. cytosine, and
guanine denvatives (aq. solny

Ternary amides
Ketonimes
Sc¢micarbazones (solid)
Aldazines, ketazines
cis-Dialkyl ethylenes

Secondary amudes
Aldoximes

Hydrazones (solid)
R,C=CH,

Cyclohexene, cycloheptene

Carboavlic acids
Thiwsemicarbazones (solid)
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Table 2-8.

Frequency
{em*')

1650-1,590
1.649-1,625
1.648-1,640

16481538
1.647
1638
1,637

1634-1,622

1630-1.5%0
1.623

1,620-1.540
1.616-1.571
1,6i4

1.396-1,547

1.581-1,465
1.57§
1,573
1,566

1.i00-1.350
1,858 -1.550
1.548
1.845-1.835
1.515-1.490

1.5u0
14801470
14801450

14731 446
13661465

LG -1 40
1443 -1.393
1442
1340-1,340

1315 -1.400

(A5 5x8
1,395-1.380
1.390-1 370
1.385-1.264
1.375-1,160

1,355 -1.345¢
1,356-1.330
1320
13141290
13101250

L30-1.175

Yibraton

NH; Scissors
C=C Stretch
N=Q Stretch

C=C Stretch

C=C Stretch

C=0 Stretch

Svmmetric C=C stretch
Antisymmetnc NO, stretch

Ring stretches tdoublet)

C=C Stretch

Three or more coupled C=C stretches
C=C Stretch

C=C Stretch

C=C Stretch
C=C Stretch
Symmetric C=C stretch
N=N Stretch
C=C Stretch

Antisymmetric NO, stretch
Antisymmetnic NO, stretch
N=N Stretch
Aatisymmetnic NO,; stretch
Riny stretch

Symmetnic C=C wretch
OCH,, OCH, Deformations
Ring sitetch

CH,.CH, Deformations
H, Deformatiun

Preudoantisvmmetnic N=C=0) siretch
Riny sreetch

N=N Stretch

Syvmmetric €O, stretch

Symmetne €O, " yrerch

Riny stretch

Syminerniy NO, strerch
Rine stretch

CH, Symmetnc deformation
Ssmmetnic NO, siretch

Svrinezeric NG srretch
CH Determation

Ring vibration

In-pline TH deformatien
Amude I bind

CH, Tantand ek

2-39

P Summary of Characteristic Raman Frequencies (Cont.)

Compound

Prinmaty amines tweak)
Allyl derivatives
Alky! nitrites

H,C=CHR
Cyclopropene

Ethylene ditluocatbonate
lsoprene

Alkyl nitrates

Benzene derivatives
Ethylene tguas)

Polyenes

Chloroalkenes
Cyclopentene

Bromoualkenes
lodualkences
1.3-Cyclohexadiene
Azomcthane (in soln)
Cyclobutene

Primary nitroalkanes
Sevondary nitroalkanes
1-Pyrazoiine

Tertiary mitroatkanes
2-Furfuryl group

Cyolopentadiene

Aliphatic ethers

2 Furfuryhdene or
2-Turoyl group

nAikanes

n-Aikanes

Isovanates
J.Sabsntured thiophenes
Azohenzene
Carbonviate ionsy
Liq solny
Dipolar and anionie a-
amuno acds fay. veln)

Anthiracences

Puimary mitroatkanes
Niphthilenes
#-Alkines

Secondary nitroalkanes

Terttary mitroalkanes
Iroprops! group

L Dualks t evctopropanes
srans-Dulhy b ethy tenes
Secundary amides

n-Alkanes
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Table 2-8.

Frequency
(em™')

1.3105-1.298
1.300-1,280
1,821,278
1,280-1,240

1,276
1.270-1 251
1,266
1.230-1.200

1,220-1.200
1.212

1,208
1.196-1,188
1,188
1,172-1.16§

10802950
11451125
f. 144
1.140
11301100

1130
1112
LAt
1,970 1040
165

1,060 -1,020
1041} =990
ORI S RITR]
1301010
1.030
1.029
1026
1013-9390
1.601
L.o0on-9%8

992
992
939
913
93N -%1n

914

Vibtation

CH, In-phase twist

CC ndge bond stretch
Symmetric NO, stretch
Ry stretch

Syinmetric N=N=N streteh
In-plane CH deformation
Reng “breathing™

Ring vibration

Ring vibratton
Ring “breathing”

C, H, -C Vibration
Svmmieteic SO, stretch
Rimg “Breathing”
Symmetete SO, steetch

CC Sreerches

Symmetne SO, stretch

Ring “breathing™

Ring “breathmg™

Symmetric C=C=C stretch (2 bands)

Preudosymmetric C=C=0 stretch
Ring “hreathing”

NN Stretch

520 Stretch 1 or 2 bands)

C=S Stretech

Rthg wibratton

Ring wibration

In-plane CH deformation
Trigonal ning “breatiung™
Trigonat ring “breathing”
Rine “breathine”™

Ring “bLresthing”
Tngonul ring “breathing”
Ring “breathing™

Tewonat nng “breathing™

Ring “hreathing”

Ring “breathing™

Ring “*breathing”

Ring wibration
Synunetric COC streteh

Ring “breathing™

A Summary of Characteristic Raman Frequencies (Cont.)

Compound

un-Alkanes
Biphenyls

Alkyl niteates
Epoxy derivatives

CH,N,

cts-slkyl ethylenes

Ethylene oxide (oxirane)

para-Diubstituted
benzenes

Mono- and 1.2 dialkyl
cyelopropanes

Ethyiene imine
tazindine)

Alkyl benzenes

Alkvi sulfates

Cyclopropane

Alkyl sutfonates

n-Alkanes
Diatkyl sulfones
Pyrrole

lruran

Allenes

Kutene

Ethylene sulfide
Hvdrazine

Ahiphatic sultoades
Ethylene trithiocarbonate

onhnfDlsubsmu(ed
benzenes

Py razoles

Monosubstituted benzenes

3.Substituted pyrnidines

Pvndine o

Trnnmethslene oxide
ruxetane)

Tomethyiene imene
tuzetidine)

Mono-, neta-, and 1.3.5-
substituted benzenes

Cyclobutane

2. and 4-Substituted
pyridines

Benzene

Pyndine
1.3-Dioxolane
Alky! eveloburanes
Ahiphat ¢ ethers

Tetrahydrofuran
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Table 2-8.

Frequency
(tm™')

04
905-837
900590
900 -850

399
88¢
877
851-340
836

835-749
334
LR
332

330-72n

$15-320
313
LIRS
02

785700

"60-"10
150-430
T30 -588
135-690

733

1n-1210

T18-a20
Ny
03
03

6910 -5%)
LLE)
h6R

A6y 650}
459

Hi5 64N
830-AiS
815 -A0S
610--590
609

-4

§7
§70-560
$65 -560
540 -535

§39

§25-81n

A Summary of Characteristic Raman Frequencies (Cont.)

Vibration

Sy minetnie CON stretch
CC Skeletal steetch
Ring wibration
Symmetnic ONC streteh

Rung “hreathing”

Ring “breatiing™

00 Steetch

Synmmetnc CON stretch
Ring “breathing™

C, Skeletat steetch
Ring "heeathung™
Ring "hreatinng™
Rum “heeathing™
Ring wibration

C,0 Synumerne skeleral stretch
Ring “breathing”

Ring “breathing™

Ring “mreatiung™

Ritg «bration

C, O Svmmernic vheleral virerch
€, Symmetow skeletai stretch
CS Srretcin 'L ne more bands)
“C=S Streteh”

Ry “Mreatinng™

Ce2 Stretch. P contormation
CS Steerch ol or muee bands)
71 Steetch

Ring "hreathing”

Symmetne CCl, sireich

Pieudinvmmetric N=C =28 sireten
Ring “heearhing™

Symmetric OO rrerch
CCIStrercn, Py vontoimanion
Symmeteiw CSC streteh

Clir Stretch. P contormanion
Ruwe deforniation

Q1 Steetch, SHH canfofmation
Cl Streteh, P contorniation
CBr Siretch

Synuenetew Clle, stretoh

«“Q S‘:relm. THHH c.nnl'ufm-.zu\.\n
CBr Strete. Py conformanion
Clir Steetch, Sty “ontormation
Svmmetne CBr, «trerch

$S Stretih

2-41

Compound

Hydroxy lamine
n-Alkanes

Al vy ddopentanes
Secondary amines

Pvreoligine
Cyvlupentane

Hydrogen perode
O-Alsi hydroxylamines
Piperazine

Isoprupyl atoup
td-Dwnane
Thiophene
Muorpitoline
parg-Disubsutated
henzenes
Secungary aicohols
Tetruhy deopyran
Pipendine
Cy ctohexane tohae fummy
Alkyvl cyclohevanes

Terttaey alcohuols
tere-Burvl group
Alkv sulfides
Thinamdes. thioureas
ohdt
Cycloheptune

Primary cioroglkanes
Duatkv ] disultides

CH. (I

Cyelonwiane

CH,Q,

L

Alkyvlisaothoayanates
Tetrahvdrothophiene
CHCl

Primuarey <hloeaikanes
Pentamethylene sultide

Primiry bromouikane
Momesubsiared benzenes
Scuondany chloroalkanes
Primiary odoaikanes
CH,Br

CH, ltr,

Fertrees Shteraalkanes
Printary hromoatkanes
Seeondary bromoalkanes
CHBe,

Dealks 1 dvultides
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Table 2-8.

Frequency
{em**)

523
520-510
510-500
510-480

495-485

495-485

484475
443
459

437
425150
385-13s8

267
200)- {60

178

A Summary of Characteristic Raman Frequencies (Cont.)

Vibration

Cl Stretch

CBr Stretch, Ty conforntation
Cl Stretch, Py conlormatton

SS Stretch

Cl Stretch, Sy contormation
Cl Stretch. Typyy conformation
Skeletai deformation
Symmetnc Cl, stretch
Symmetrtc CCi, stretch

Symmetnc Cl, stretch
“Chain expansion”
Skeietal deformation
Symmetric CBr, stretch
Skeletal deformation
Symmetnic Cl, stretch

Compound

CH,1

Tertiary bromoaikanes
Primary iodoalkanes
Dialky! trisulfides

Secondary iodoalkanes
Tertiary 10doalkanes
Dialkyi diacetylenes
CH, 1,

ca,

CHI, (in soln)
n-Alkanes

Monoalkyl acetyienes
Clie, nin soln)
Aliphatic mitniles

Cl, tsohd)
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Table 2-9. Characteristic Frequencies for Visible and Ultraviolet Electronic
Transitions of Various Groups of Atoms Bound in Hydrocarbon Molecules

* o
i
i

Far ultra-violet  Near ullra-violet Visible
1Vacuum u.v)
| 1
i 1
| |
' |
-
tfer {
| 1
g=—ea® | n—en* : n—e
1
{
|
{
]
T
00

T T T -1
00 600 700 mp 800
20000 16,667 14286 cm™' 12,500

T T T
100 200 300
(00000 50000 33333 25

g

The regions of the electronic spectrum and the type
of transition which occurs in each.

2mas, {MR) g
~C=C— 170 16,000
—C=C—-C=C-— 220 21000
—C=C—-—C=C—-C=C— 260 35,000

while for oxygen-containing molecules we have both n—n* and
n—x* transitions:

n—nr® (strong) n—n* {weak)
imy) (my)
—C= 166 280
~C=C—-C=0 230 120
—C=C—-C=C—-C=0 270 350
- Py
o=’\_/\=o 245 435
n—~nr® istrorg; n—nr® (weak)
(mu} imp}
>c=c{ )
—-(=C - 171
)C=0 ) 2%
DC=Ny {91 i)
oN=N 7 330
=S ? SoQ
2-43




Some gases having electronic transitions in the visible or

near ultraviolet, namely, at wavelengths longer than 3000 R,

are listed in Table 2-10. Because of the cutoff absorption by
atmospheric ozone at wavelengtins shorter than 3000 A, transitions

at shorter wavelengths are not useful for remote assessment
of trace atmospheric gases.
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Table 2-10. Some Vapors and Gases Having Electronic Transitions in the
Visible and Near Ultraviolet

CHEMICAL °
FORMULA WAVE LENGTH (A)
No2 3000-6000 NITROGEN DIQXIDE
Nzo 2800-3065 NITROUS OXIDE
CH3CH0 2500-3500 ACETALDEHYDE
CH,CHO 3900-4200 PROPYNAL
€,0,C1, 300-3800 OXALYLCHLORIDE
UFg 3300-4100 URANIUM HEXAFLUORIDE
C4HyS 3130-3180 THIOPHENE
C,H4CHO 300-3940; 4025-4122 ACROLEIN
CoN4Hs 4700-5600 S-TETRAZINE
S0, 3400-3900 SULFUR DIOXIDE
C3N3H4 2700-3170; 3800-5000 S-TRIAZENE
(CH3)2C0 2200-3300 ACETONE
€S, 3900-4300 CARBON DISULFIDE
1,4C4H, N, 2900-3300; 3560-3760 PYRAZINE
H,CO 2300-3530; 3600-3967 FORMALDEHYDE
CH,I 2000-3600 METHYL IODIDE
H,C=C=0 2600-3850 KETENE
CHy-N=N 3200-4750 ARAZOMETHANE
€40, 2400-3300 CARBON SUBOXIDE
Hy-C=CH, 2600-3400 ETHYLENE
CH3N0 5900-7100 NITROSOMETHANE
HC20, 2300-3200; 3900-5400; 5150-5750 GLYOXAL
04 3000-3740; 5500-6100 0ZONE
BH 4328
Bry 5110 AND AN ABSORPTION CONTINUUM

AT SHORTER WAVE LENGTHS
BrCl VISIBLE ABSORPTION BANDS

REPORTED IN HERZBERG BUT NOT

PUBLISHED
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Table 2-10. Some Vapors and Gases Having Electronic Transitions in the Visible

ard Near Ultraviolet (Cont.)

CHEMICAL

FORMULA WAVE LENGTH (R)

PrF 5172

Br,0 3330,401

c1, 4796 AND AN ABSORPTION
CONTINUUM AT SHORTER WAVELENGTHS

CIF 5275

Fy CONTINUOUS ABSORPTION WITH
MAXIMUM AT 2899

HI CONTINUOUS ABSORPTION STARTING
AT 3636 WITH MAXIMUM AT 2083

IBr 5924

I 6393

IC1 5508

SiH, 5000-6000

HCP 3050-4100

50, 3400-3900; 2600-3400

c10, 2700-5100

CHyl 2000- 3600

2-46
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SECTION 3. METHODS OF ASSESSMENT BY PASSIVE METHODS:
SUCCESSFUL EXPERIMENTS

3.1 EXCITATION BY DECAMETRIC RADIATION FROM GROUND-BASED AND
SATELLITE TRANSMITTERS FOLLOWED BY EMISSION AND DETECTION
OF MAGNETIC SPIN FLIP RADIATION

Consider first the operation of the Alouette satellites, as top-
side ionosonders. The experimental observations discussed in
this section were actually excited by active irradiation from

a source in the satellite. We discuss this experiment here to
illustrate the sensitivity of assessment. We suggest in this
section that these emissions may be excited by existing ground
sources of several megacycle frequencies and so assessed by
passive means. The transmitter and receiver simultaneously
sweep from 0.2 to 14.5 Mc/sec during each 30-sec interval. At
the beginning of each interval, the transmitter emits a 100-usec
pulse at a frequency of 0.2 Mc/sec and an average power of 300
watts., After a 2 usec delay there follows a receiving period
of 33 msec, then the transmitter emits a second pulse of higher
frequency, followed by another listening period, and so on.

For each 30-sec interval an ionogram displays the frequency

v of any detected signal, its time of arrival, its intensity,
and the real time. When the Zfrequency of the transmitter

equals the resonant magnetic dipole frequency of a given species
of free radicals in the atmosphere, the radicals are induced to
radiate photons of the resonant frequency, some portion of which
arrives at the satellite receiver and is recorded. From the

time of arrival at the receiver after emission of the stimulating
frequency from the transmitter, the distance between the
satellite and the free radical can be computed. The resonant

frequency . is given by

9 . e _T;;.l, g o= ._29%5_ = 10”20 erg/gauss
3-1




W\

where g is the Lande' factor characterizing the radical,
determined by spin-orbit coupling, B is the local magnetic field
of the earth, and u is the electron magnetic moment. The B
field at the satellite as a function of its geographical
coordinates may be computed from a polynomial expansion of

the geomagnetic field.

With u = 10-20 erg/gauss, approximately equal concentrations of
a particular species have dipoles parallel and antiparallel

to the local magnetic field ac =300°k. For radicals resonant
with the Alouette signal, the probability of reflection in terms

of the Einstein coefficient for stimulated emission is given by
[2-1]

W = [2m(u?/3)/h%c] (dI/dv) = 2 x 10%(dI/dv) sec™?!

where (dI/dv) is the energy flux from the sounder-transmitter
per unit freguency interval. The average radiated power of the
Alouette transmitters, 300 watts, is spread over a bandwidth

of about 30 kecs. If one neglects absorption between the
satellite and a point at distance R, the energy flux at R is

di/dv = 10%/47R%*[erg/cm?sec(cy/sec)].
We neglect the angular dependence and assume that the power P

reflected by a population of N magnetic dipoles per cubic
centimeter, given by

P(R) = W(N/2)hv = 2:10°(N/2)hv/47R? (erqg/cm’sec)
is radiated isotrcpically. The intensity of the signal arriving

at the satellite at time t, measured from the time at which the
100 usec pulse begins, is given by




R2
5(t) = 4/. (P(R) /47R?]dV(erg/cm?sec)

Ry

where the integral is taken over the volume, V, of origin of
reflected radiation reaching the satellite at time t. The
volume is a spherical shell centered a+ the satellite. For

a pulse of 100 msec, “he inner surface of the shell has radius
Ry = clt - 10-4)/2, and the outer surface has radius R, = ct/2
where t 1s measured in seccnds and ¢ is the velocity of light.

Using v = 1¢% sac™®, it follows that

14
s(t) = 3 x 10743 f dR/R%.

Ry

Furthermore, thz signal must be at least 10-4

that

se-onds long so

55
f dR/K° = 6 x 10°
5y

If the signal is to be detected at the satellite, S(t) must be
yreater than the threshecld of the receiver, that is

s(g) > 3 x 10783 erg/cmzsec. Then

13 7 3

) N > 3 % lo-ls/cm
N>2 x 10+4/cm3

(3 2 10°°°)(6 x 10~

is the minimum concentratioa for a detectable signal at
6 . . ' . .
R =3 x 10"cm (20 miles}. At a distance of 100 miles the
. . o 5 .
minimum concercration is N > 5 x 10 /cm3, correspondi.ig to

N o> 1077 ppb of air.

Lok
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The top-side ionosonder Alouette satellites have been in orbit
since 1965, and there have been no provests against their
transmissions. They are in polar orbits so that they orbit
over all the countries of tihe world, including Antarctica.

However, there is an alternative way of stimulating the magnetic
spin flip emissions, namely, by electromagnetic irradiation from
ground-based transmitters such as ham radios, television stations,
ship to shore transmitters, navigational beacons, civilian
aviation radio and radar, ground to satellite communications,
microwave relay, and the like. Any freg._ency at shorter wave-
length ship stimulate spin flip emission v - Vg in the Raman
Qaode. That is, the photon of frequency v is scattered inelas-
tically by the magnetic dipole to a frequency lower by v, so
that the scattered photon has frequency v - Vg where Vo = guB/h
as vefore. Thus if the satellite observes both v and v - Vg
then ¢ can be evaluated, and in this way, the molecular species

causing the Raman scattering can be identified.

Consider the scattering of light of fregquency v by a bouid
electron of characteristic freguency Ve The total elastic

scattering cross section is given by the classical formula (3-1]:

] = —3— ro H ro = " . (3-1)

When a photon of incident wave number Eo is inelastically
scattered so that it loses energy 2:, the differential elastic

scattering cross section is given by

2
¢ - v A 2
do_ _ -3- LN (LE) . (3-2)

. 2 212
[(iE) ko]

d
!
P 5N




In the case of resonant (elastic) scattering, for the total
cross section,
¢ = 16 r® ~ 1072 °cm?.
o
For the Alouette experiment where resonant magnetic-dipole
scattering was observed, the cross section is decreased by

2 -l
(u/ero) ~ 10 .

If Raman scattering in the inelastic magnetic-dipole mode is
observed, as we propose here, the electric dipole scattering
probability will be decreased by (AE/hv)?. Let AE ~ 1 Mc,
appropriate to magnetic spin flip of free radicals in the earth's

troposphere, and let hv ~ 20 Mc by the incident radiation. The
the effective cross section relative to that in the Alouette
experiment will be decreased by (1/20)% = 1/400. Then the
minimum density N of a magnetic species observable at distance
d will be:

3 (5 x 10_7ppm)

o))
"

20 miles; N > 8 x 10%/cm

100 miles; N 2 6 x 103/em® (4 x 107° ppm) -

o))
]

Amateur frequencies of greater than 1 Mc are listed in Table 3-1.
Their input power is lower by 1/6 than Alouette, which would
increase the minimum detectable concentrations N accordingly.

The electromagnetic spectrum at frequencies above 30 Mc is shown
in Figure 3-1. The civilian air traffic navigational frequencies
used by ground-based transmitters at various airports world wide
in the frequency band 108-135 megacycles may be obtained from
sets of charts published by Jeppeson Company (3-3].

Besides these sources of radiation which are able to stimulate
magnetic-dipole spin flip, there is the powerful Over-the-Horizon
(OTH) radar which irradiates most of China, Russia, and the lear
East, at 20 Mc [3-4 to 3-7 and Appendix A, described in Yew

Scientist, November 1974].




Table 3-1.

A Summary of the U.S. Amateur Bands.

(Figures are Megacycles.

A, Means an Unmodulated Carrier, Al Means C.W. Telegraphy, A2 is Tone-
"Modulated C.W. Telegraphy, A3 is Amplitude-Modulated Phone, A4 is
Facsimile, A5 is Television, N.F.M. Designates Narrow-Band fre-
quency- or Phase-Modulated Radiotelephony, F.M. Means Frequency
Modulation, Phone (Including N.F.M.) or Telegraphy, and F1 is
Frequency-Shift Keying) [3-8]

80

40

20

11
10

meters

meters

meters

meters

meters

meters

meters

3,500-4000 --
3,500-3,800 -
3,800-4000 --

7,900-7,300 --
7,200-7,200 --
7’200‘7’300 -

14,000-14,350
14,000-14,200
14,200-14,300
14,300-14,350

21,000-21,450
21,000-21,250
21,25021,450

25’960‘27’230

28,000-29,700
28,500-29,700
29’000‘29’700

50-54

51-54

52.5-54
144-148

220-225 !
420-450!

Al
Fl
A3

Al
Fl

and n.f.m.
A3 and n.f.m.

Al

F1

1,215-1,300" =~

2,300-2,4350
3,300-3,500
5,650-5,925 |
10,000-10,500
21,300-22,300

A1l above 30,200

A3 and n.f.m,
£l

Al
Fl
A3 and n.f.m.

As, A1, A2, A3,

Al
A3 and n.f.m.
f.m.

Al, A2, A3, A4,

Ao
f.m.

Ay, A1, AZ, A3,
Ao, A1, A2, A3,

p¥Y

‘Insut power must not exceed 30 watts.

5. Al, A2, A3,

A4, f.m,

n.f.m.

4, f.m.

A4, A5. f.r.

~4, A5, f.m. pulse
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Table 3-1. A Surmary of the U.S. Amateur Bands (Cont.) ([3-8]

In addition, Al and A3 on portions of 1,800-2,000, as follows:

Area Band, kc. Power Day Power Night
Minn, Iowa, Wis, Mich, Pa., 1800-1825 500 200
Md., Del, and states to North 1875-1900
N.D., S.D., Nebr., Colo, N.  1900-1925 500" 200"
Mex., States west, incl. Hawaii 1975-2000
Okla., Kans., Mo., Ark., I11., 1800-1825 200 50
Ind., Ky., Tenn., Ohio, W. 1875-1900

Va., Va., N.C., S.C., and
Texas (west of 99% W or North
of 329 i)

No operation elsewhere.

*Except in state of Washington, 200 watts day, 50 watts night.

Novice licensees may use the following frequencies, transmitters to be
crystal-controlled and have a maximum power input of 75 watts.

3700-3750 Al 21,00-21,250 Al
7,150-7,200 Al 145-147 A1, A2, A3, f.m.

Technician licensees are permitted all amateur privileges in 50 Mc.
and in the bands 220 Mc. and above.

PAGE 2 OF 2
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According to the New Scientist article, the known transmitters

and receivers are at Cypress and Okinawa. The beam is aimed low,
at 2-4° above the horizontal, the frequency is adjustable around

20 Mc, and the power for the transmitter is about 300 kW. This
geometry is ideal for observation of Raman-scattered radiation

by a satellite receiver moving akove the irradiated area. The
signal bounces alternately off the ground and the ionosphere making

several hops as it crosses the irradia.:d terrain. Presumakly
OTH uses a constant wave transmitter; thus the advantage of
pulsed transmission plus observation of reflected signal vs delay i
time is lost. On the other hand, tne Raman shift separates the

returned signal in frequency from resonance scattering of the

incident radiation and prevents confusion, simplifying its

detection.

3.2 REMOTE DETECTION OF EMISSION AND ABSORPTION IN THE INFRARED
AND VISIBLE USING PASSIVE SENSING

Detection of absorption and emission of pollutant gases in the
lower troposphere, depending on excitation by reflected sunlight,
uses excitation of vipration-rotation and electronic motions at
photon frequencies able to penetrate the atmosphere. The satellite
or airplane-borne detection equipment may be either & spectrometer
or a set of filters together with a photomultiplier able

to record the selected photons. To illustrate this principle, we
describe several experiments in which remote detection has already
been reduced to practice as follows:

3.2.1 Experiment No. la [Ref. 3-9]

Source of Excitation:
Sunlignt reflected from the surface ovf the earth.

Wavelength Studied:

2720 A to 4220 A for SO, de.ection by absorption.

2

3-9



4000 A to 5500 A for NO, detection by absorption.
4800 A o 6300 A for I, for calibration by absorption.

Equipment: (See Figures 3~-2 and 3-3.)

A grating spectrometer which views the radiation coming

from the troposphere below. The dispersed spectrum is fed
through a mask which has slits where the pollutant absorption
lines should occur. The dispersed spectrum is wiggled
periodically across this mask. If the signal from the
photomultiplier reaches minimum periodically, then there

is a resonant beat signal which means that the observed
absorption spectrum fits the expected spectrum, and the
pollutant is positively identified.

Sensitivity:

Less than 0.2 ppm of pollutant gas seems to be detectable
under realistic conditions, using measuring equipment in

a balloon over Chicago at 35 km altitude.

This experiment measured the product of (pollutant concentration) x
(path length). 1In the second experiment made simultaneously
from the ground, the concentration was evaluated.

Over another country, it may not be feasible to make the ground
measurement so that the concentration cannot be evaluated
directly in this way. On the other hand, the Nimbu is daily
measuring the atmospheric temperature profile around the world.
If the relative intensities in the various infrared lines of

the spectrum characterizing a given pollutant are measured, then,
taking into account the temperature profile from the Nimbus, the
concentration of pollutant as a function of altitude can be
deduced. 1If, alternatively, the client wishes only tc identify

3-10
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Figure 3-3. Dispersive System for Vapor Detection Using Spectrum
Correlation Filter
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the pollutant and does not care about the concentration profile,
the answer is obtained directly from the experiment described
above.

The geometry is illustrated in Figure 3-4. The results of
Experiment No. 1 are described in Figures 3-5 and 3-6. The
equipment used in this comparison is called a Correlation
Spectrometer.

3.2.2 Experiment No. lb [Ref. 3-10]

The wavelengths, equipment and sensitivity are identical with
those described in Experiment No. la.

In this experiment, tests of an airborne installation were made
from a helicopter using a remote sensing instrument (described

in Experiment No. la) and from a fixed wing Aero Commander 500 A.
Surveys were made along the Toronto water front and arocund
Washington, D.C. Individual plumes from the electrical generating
stations and shore line industries are readily identified. with
signals reproducible to 10 percent. The product of pollutant
concentration x sath length was measured as the plane climbed from
500 to 15,000 feet. 1In this way, it was determined that the

major part of the pollutant was confined below a 4000 ft altitude.
with an effective path length of 5000 meters, which may not bpe
unusual over an industrial area, the corrzlaticn spectrometer

can detect concentrations as low as two parts per biilion,
corresponding to a minimum sigrnal of about 20-30 ppm-meter. The
correlat s>n spectrometer tecnnology obviously is applicable over
the whole of the visible and infrared windows of the z+mousphere
and may te wvaried by adjusting the spacing of the lines scribed

on the grating and by varying the positions of the photomultipliers
and masxs along the circumference of focus of the grating

Znectrcmeter.




OUTGOING FLUX = GAS SIGNAL ¢ DILUTION

ABSORPTION

{11/ SCATTERING
I

///

// SCATTERING

MOLECULAR \\
\\

AEROSOL

POLLUTANT ABSORPTION

SURFACE ATTENUATION

Figure 3-4. Attenua*ion and Dilution
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Experiments la and lb show that any gas pollutant with an infrared
and/or visible signature may be searched for by a

passively sensing correlation spectrometer carried at

satellite altitudes. 1In these two experiments, positive results
were obtained for identifying the signatures of NO2 and SO2 at
minimum concentrations of ~0.02 ppm. We may expect similar
sensitivities for detection of any of the gases listed in the
foregoing tables which have characteristic vibronic and/or
electronic signatures in the frequency inter-.als corresponding

to windows in the atmosphere.

Some interesting applications of this remote sensing technigue
have been listed in Ref. 3-10. For example,

@ The monitoring of volcanic emissions of sulphur dioxide
and other gases to provide warnings of impending volcanic
activity.

® The detection of fumarole emissions as a guide to the

location of sources of geothermal energy.

e The measurement of trace gases emitted by oxidizing
mineral deposits and the use of this information as a

guide to exploration.

e The measurement of gaseous emissions of iodine vapor
associated with oil field brines as a guide to potential

oil-bearing regions.
e The applications of optical remote sensing techniques to

the detection of fish oil slicks associated with large
schools of fish.
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In Figures 3-7 thru 3-1ll1 and vables 3-2 and 3-3, the data of
Barringer et al., measured with their airplane-borne technology,

are illustrated. With respect to detecting oil slicks, the

infrared signatures of some oils one might expect to find on
surfaces of water in rivers, lakes, harbors, and occans

are shown in Figure 3-12. The atmospheric windows through which
these signatures might be detected in absorption are also indicated.

3.2.3 Experiment No. 2 ([Ref. 3-11]

An infrared spectrophotometer is used either to measure emitted
radiation from warm gases as in gas plumes emitting against

a cold background or in absorption of solar radiation reflected
from the earth's surface. It has been used in particular for
measuring ozone bands at about 8700 A. The intensities are
measured in up to 64 narrow channels in the 8,500 - 12,500 )
atmospheric window. An analog-to-digital converter puts the
measured intensi .es into a computer for comparison of their
intensities witii laboratory intensities obtained for the pollutant
of interest at similar temperatures and pressures. These laboratory
intensities are called "training spectra." The computer connected
by transmission to the receiver can simultaneously evaluate the
least squares frequency and amplitude equation for up to ten
infrared-absorbing (or emitting) pollutants. For example, the
error in the 9500 A channel for evaluation of the ozone signature
corresponds to about =1 percent absorption.

3.2.4 Experiment No. 3 [Ref. 3-12]

In this experiment, various kinds of rocks on the earth's surface
have been identified by their characteristic emittance features
caused by molecular vibrations of atoms in the various crystal
structures. The Earth Resources Technology Satellite carries
sensors which selectively observe reflected sunlight (from the
earth's surface) in channels of 0.475 - 0.575 um, 0.580 - 0.680 um,

3-18
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824 TONS/ HR.
AT .019 ppm.

Figure 3-9. S0, Mass Balance--Washington, D.C.
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Table 3-3. Summary of Airborne Results

AZAN ONCENTRATICRS

leg ! Leg 2 leg 3
"7 TRAVERSE § -
':\0 Lune
; ) 28%0-Culs 313 . 045 01?
! 2 ‘ 0923-0M0 B Rod 228 053
F 3 9952-101: 5325 B}y 022
[ 2220-1048 25 I 331
2 CEAN SO, 2% '] 233

C.AM.P.STATION

MEASUREMENTS '3Y H.E.W.)

TIME
0860-2300
0900-1000
1000-1100

509 CONCENTRATIONS
HOURLY AVERAGE

0.12
c.10
0.09
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3.069 - 0.830 um, and 0.6 - 0.7 um, 0.7 - 0.8 um, 0.8 - 1.1 um,

and 10.4 - 12.6 um. Iron oxides have been surveyed using the

fact that ferrous compounds have electronic transitions reflecting
strongly at 1.0 um whereas ferric compounds reflect mainly at

0.87 and 0.70 um. The ratios of signals in these two channels

as seen from altitude give a measure of iron ores on the surface

of the earth. This cxperiment was made on an overflight at about a
l-km altitude. Evaluations of observed relative reflectances in
the several infr:red sensing channels are shown in Figure 3-13

ar' Table 3-4.

8y similar analyses, based on previous calibration of reflectances
in the laboratory, it shculd be possible to assess remotely the

composition of slag »iles and mine tailings.

3.2.5 Experiment No. 4 [Ref. 3-13]

Passive remcte sensing of electromagnetic radiations of an 8 to 10 cm
wavelengtn allcwed temperatures of the surface of the Baltic Sea

to be evaluated by comparison of relative intensities of the OH

bands from the sea surface. The temperatures computed from these
obser+ations are shown in Figure 3-14, and are compared there

with temperatures measured by ships. One sees that with an

adéitive constant correction, this method of remote assessment

by passive infrar=d spectral measurement is wvery good.

3.2.6 Experiment Jo. 5 [Ref. 3-14]

(a) A Radiometer was used to measure aimospheric emission with
a resolution better than 2 cm-l in the region 1-30 microns;

(b} a spectrometer was used to measure atmospheric absorption
using the sun as a source with a resolution of about 0.3 cm-l

in the 1- to 30-micron region. The equipment was borne on a ballcon.
(Note: <for down-looking okservations of atmospheric absorption,

the sun's glitter could be substituted as a source.) A liquid
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nitrogen cooled Ge:Cu detector appears to be used for both
techniques. The grating spectrometer has a 1/2 meter focal length
with a grating. The radiometer uses a filter wheel with positions
for 5 filters. Typical spectra are shown in Figures 3-15 thru

20, co, NZO and HNO3
analysis of the spectra, are shown in Figure 3-20. The maximum

3-19. Vertical profiles for H obtained by
sensitivity obtained appears to be about 0.02 ppm.

3.2.7 Experiment No. 6 [Ref. 3-15]

A correlation interferometer has been developed for measurement
of CO and CH4
laboratory tests, solar-looking ground-based tests (and therefore

at 2.35 microns. The instrument has beeon used in

could probably be used for looking down at the sun's reflection
from a bouy of water), and downwarn looking airplane-based tests
fon a Falcon]. CO and CH4 were successfully detected. It is
computed that the method could be used to detect NOZ at 0.4 -
0.04 ppb and SO2 at 0.04 - 0.009 ppb. The interferometer is
shown schematically in Figure 3-21. The filter had a half width

of 10 cm L. .

An example of the interfercgram measured for detection of CO is
shown in Figure 3-21. In order to determine the detectability of
a number of atmospheric trace gases by this method, calculations
were made to simulate the operation of the correlation interfero-
meter as follows:

® Spectra with 0.5 cm-l resolution were obtained in the
laboratory for individual gases, see Table 3-5.

e Using a computer, spectra of various combinations of
gases were simulated for various filters, using the
laboratory-measured spectra.
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Table 3-5. Spectra Used for Interferogram

Reproduced from
best available copy.

Opticai Thickoess

v N Ligs 1At
L1869 €O, M
NG nite 1 s
M4 479 (0 AL)
NHy BILIRL Y
4538 - 4282 CHy 54
(Y4 Nl
NHy HOulat Pale o e
NO, nypide
N2 O "
4388 - 3102 CHa $4
o N 34
NO» IIUEY
17783822 (Q)] w36
(.(): 2
Ny ke
NO) e
NSO ny
I5TR- 2 (0O p0)
N IRLIRT %
\l): [
N0 0y
416 - i Nily RTRI Y
Nad) X'}
e 28A0 Cly s4
\(): winjd ajd
\:() G
Ui, Vaniea Y 2NN,

Vgt M
[RIDG L] pie) o Ang
Callg WM AURIS D 1X8SH

HTRE TS FH, 4
IRy 27 N, TR R R
Q':“,; 99N
thinn - 2700 Cally LTI
(‘:“‘\) A0t on il 484
Calig0y URITRRUES
ACyat)n a8
SO oitye nallonin
1664 - 1412 CHy 54
NSO e
S0, ot}
JSUR - 1342 50, TEIY M
1246 - 2030 (48] TR
€04 25
N:” 0ne
200K 1762 (0, 250
NHy HINI3AT 16
NO DM, O D16
JRIN. 1584 NHy IEETRY
\O: Nnoid
1Stk - 1280 CHy §4
NOy nudr
NSO 0.9
$0. 1) (3R

e ——————
*No signuficanl sbsorption.

3-40




e From each such combination spectrum, an interferogram
was generated for various atmospheres with and without
the trace gas of interest.

The estimated detection sensitivities are listed in Table 3-6.
Interferograms for various gases, generated by computer as
described above, are shown in Figure 3-22. The abscissa is the
path difference caused by motion of the compensator plate.

3.2.8 Experiment No. 7 [Ref. 3-16]

The most famous of the experiments on passive sensing of the
lower troposphere from satellite altitudes is that of the

Nimbus satellite 4, (NASA), a joint project of Oxford and
Heriot-Watt Universities. This satellite, in a polar orbit
between 80°N and 80°S, carries a radiometer which measures
thermal emission from the 15 micron band of atmospheric COZ'
Emission is spectrally sciected in six different radiometric
channels corresponding to observation of six different atmos-
pheric layers 2 1> thick. This method depends on the fact that
the CO2 at lower altitudes is progressively warmer, so that

its molecules populate higher vibrational levels. Data are sent
routinely from the satellite to Washington, D.C., and from there
to Oxford University, where they are processed online by computer.
Profiles of temperature vs altitude and bs pressure are derived
from the six radiances of each observation, down to ground level,
for latitude bands 4° wide centered at 4° intervals between

80°y and 80°s. The atmospheric concentration of CO2 is

3.3 x 10-4 by volume. For one of the six channels, the resolu-
tion is one cm ' in band width and about 5 km in altitude.
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Table 3-6. Estimated Detection Sensitivities Relative to CQ
\Assuming Source Intensity to be Independent of Wavelength)

Filter Center Sensitivities
Frequency Delay Range Relative to
Species tcm) {um) {mm) CO = 0.04 atm-cm
CH,4 4280 2.39) $5-64 5
All other 2
Co 4280 (2.39) 3 3.5(
56+6.3 1
74-94
CO, 4835 2.07) 50-6.0 ' 2
6.0-8.0 12§
All other 1250
H,0 3465 (2.89) All 1250
NH; 4500 (2.2 26-4.0 5
63-17.5 10
NaO 3465 12.39) 30-16 5
8.5-9.7 0.5
NO* 1900 15.26) 2.3-37 0.2
58-7.0 0.08
9.0-9.5 0.08
NO,* 1630 16.13) 0.5-4.0 .06
All other 0,08
50,* 1370 17.30) ~20 0.03
25-40 1,2
45-57 0.2
8.0-9.58 0.3
CyHg* 2688 (3.35) 1.0-4.9 0.5
45.55 0.2
6.0-8.5 0.5
CiHg 1988 (3.3%) 1.0-4.0 0.02
50-758 0.U08
7.5-9.2 0.02

— .
“*Detector witha D* ~ 3 x 1010 cm Hz1/2 w-i: g other species
assume detector with a D* = [0t ! ¢m Hz1/2 W-1,
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Figure 3-23 shows the weighting functions applied to the radiances
measured in each of the six radiometric channels, and Figure

3-24 shows the temperatures evaluated for each of the four
channels at the four highest altitudes, and how the averages

of those temperatures are distributed globally for one particular
day. The temperatures evaluated for upper atmospheric levels are
routinely published in the quarterly Nimbus reports (Global
Stratospheric Analyses, Oxford University, Atmospheric Physics
Department), whereas those for ground levels are evaluated on-line
by the computer but not published. The value of this experiment
is that it has been reduced to a routine assessment of the
vertical temperature profiles of the atmosphere 211 over the
world, daily and hourly, with satellite-borne equipment. These
temperature profiles will be useful in evaluating concentrations
of gaseous pollutants in the lower troposphere, detected from
other satellite-borne equipment (see Figure 3-25) [Ref. 3-1l6e].

3.2.9 Experiment No. 8 [Ref. 3-17]

Measurement of rotational emissions from interstellar molecules
using ground-based radiotelescopes with diameters of, e.g., 10
meters. These radiations, typically in the region of 1 to 100
kilomegacycles, may be attenuated by as much as 100 decibels

in traversing the earth's atmosphere. The molecular species which
had been observed up to 1973 are listed in Table 3-7 together with
the rotational radio frequencies which characterize them. The
interstellar clouds which contain these molecules move both

toward and away from the solar system, therefore the Doppler
broadening of the rotational emission lines is large. Rotational
spectra observed for several interstellar molecular species are
shown in Figure 3-26. The clouds are usually optically thick so
that the brightness temperature equals the excitation temperature

of about 4°K to 45°K. The emissions come from column densities
of 10

16

12 to 10 molecules per cmz. Reversing the geometry, a
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l0-meter radio dish carried above the atmosphere looking down
at trace gases in the lowest 50th of the atmosphere may be able
to detect them at concentrations of perhaps a part per billion
in emission against a cold surface. Instead of Doppler broad-
ening, the rotational lines will be broadened by collisions.

3.2.10 Experiment No. 9 [Ref. 3-18]

A balloon-borne grating spectrometer with a spectral resolution of
0.35 cm°l was used to observe the solar spectrum‘in the region
4.76 to 5.5 microns. (Thus in principle this instrument could be
pointed down to observe similar phenomena against the glitter
image of the sun in the surface reflection of oceans, lakes,
rivers and ponds.) Absorption lines and bands of solar CO,
telluric Hzo, COZ' and NZO, as well as NO were observed to a

limit of 1 to 3 ppb. The detector was a liquid helium cooled
GE:Cu solid-state crystal. Samples of the observed absorption
spectra are shown in Figure 3-27.

3.2.11 Experiment No. 10 [Ref. 3-19]

An infrared heterodyne radiometer with a spectral resolution of
0.04 cm-l was used for remote detection in the laboratory at
room temperature. Each gas was observed remotely in air at

1l atm. Sensitivities as low as a few parts per billion were
achieved. The detected radiation from 502, COZ' 03, NH3, and
CH4 was mixed witah the output of a local oscillator which was a
CO2
was used as the local oscillator for remote detection of NO in

laser, at 10.6 microns. A CO laser at about 5.2 microns

stack gases from stationary power sources. The local laser
radiation and the radiation to be detected are combined by a
beam splitter and then focussed onto the detector which acts
as a mixer. The amplifier-and-filter system that receives the
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output of the mixer is sensitive to the beam frequencies above
and below the local laser frequency. Each laser could be tuned
over a large number of rotational frequencies by adjusting a
grating at one end of the laser cavity. The mixing detector

was a high-speed germanium photo-conductor doped with copper.

The sensitivities achieved for detection of various pollutants
are shown in Table 3-8. Using these sensitivities, the authors
computed that the minimum detectable concentration of 03 would be
2 ppb under an inversion layer at a l-km altitude, and that a
downward-looking heterodyne radiometer in a space craft could
monitor absorption lines of various gases by their absorption
lines in the earth's 300°K blackbody spectrum. An analysis of
the potential degrading effects of air turbulence indicates

that, for radiometers operating above 5 microns, the collecting
aperture at the satellite can be made as large as a l-meter diameter.

3.2.12 Experiment No. ll [Ref. 3-20]

An infrared heterodyne spectrometer using semi-tuneable semicon-
ductor diode lasers was used at about 8.5 microns to measure
laboratory spectral profiles of NZO and to measure thermal emission
from Mars and the Moon from the ground. These measurements were
made using a 30-inch telescope to concentrate the infrared emissions.
The collected infrared emissions are mixed with the output of a
local source, namely the semiconductor diode laser emission,

and the mixed signal is detected at the difference frequency,
called the intermediate frequency. Tae limiting spectral resolu-
tion is cet by the spread in the local semiconductor diode laser
frequency, which can be less than 100 kilocycles/sec. Thus
spectral resolutions exceeding l/lO8 are possible. This high
potential resolution makes possible assessment of atomic and
molecular species in remote sources at lnwv densities and low
temperatures. Figure 3-28 shows laboratory measurements of the

N20 absorption line, and grcund-based measurements of Mars and the
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Table 3-8. Experimental Sensitivities to Po]]utant Gases. The Gases

Were at 298 K, Except for NO, Which Was at 390°K.

The Band Desig-

nations I and II Refer to She Up er and Lower of the Two Mixed

(10%, 02 0) States
! !
SENSITIVITY ! WAVELENGTH
GAS (atm cm) LASER LINE (um)
NITRIC OXIDE - 1072 {1218 7.6, p(15) 5.19
SULFUR DIOXIDE 1072 ! ‘ZC‘BOZ: 00°1-11, R(40) 9.02
0ZONE 2 x107% 112c18 . 00%-11, P(40) 9.50
' ' 412 16 %2 0

2 x 107 1218, 00%1-11, P(14) 9.50

ETHYLENE 5x107° 12, 00%-1, P18) 1 10.53
AMMONTA ‘ 107 1%, 00%1-1, P(32) | 10,72
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Moon at 8.5 microns. Diode lasers emitting at 5-34 microns are
commercially available from Arthur D. Little, Inc., having
continuous tuning over 30 kilomegacycles at 8.5 microns. The
quantum efficiency of the photodiode detector was between 2
and 6.5 percent. Hence, considerable improvement in detection
efficiency is possible and should be limited only by quantum
noise in the diode. This experiment used a PbSe semiconductor
diode laser, and a HgCdTe photodiode as a photomixer and an
8-channel filter bank as receiver. The signal from the source
was fed into the photomixer alternately with a calibration
signal from a blackbody using a vibrating chopper.

3.2.13 Experiment No. 12 [Ref. 3-21]

Experiments pioneered by Alistair Gebbie at the National Physical
Laboratory on millimeter wave detection of pollutant gases used a
Cassegrain telescope mirror, that was small enough to fit in a
suitcase and which focussed radiation onto a Michelson interferometer.
The detector was a bolometer at room temperature. Resolutions of
about 0.2 cm—l were obtained. The interferometric record was
put through a Fourier transform to obtain the spectrum of
amplitude against frequency. Since then, these experiments have
been much improved using InSb bolometers cooled to liquid

helium temperatures. Spectra have been recorded from 300 to 3000
microns with a sensitivity as low as 0.067 cm-l. The instrument
has been used for sideways viewing of atmospheric emission at
airplane altitudes in a Comet and in a Corcorde 002, and presum-
ably in a down-looking geometry would detect absorption lines of
the atmospheric pollutants against the radiation of the earth's
surface, and against that in the solar glitter from the surfaces
of bodies of water. Observed spectra are shown in Figure 3-29,
and listed in Table 3-9. Experimentally measured mixing ratios
are shown in Table 3-10. Signal-to-noise ratios of 50:1 have
been achieved.
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3.2.14 Experiment No. 13 [Ref. 3-22 & 3-23]

The balloon-borne, l/2-meter grating spectrometer with a liquid
helium cooled Ge:Cu photodetector was used to obtain absorption
spectra against the setting sun as a source. Spectral absorptions
were observed which have been assigned to CF2C12 at 921 and 923 cm-l,
and to CF Cl3 at 847 cm-l. These spectral features occur in a
window of the atmosphere between minor absorptions of HNO3 and coz.
The measured spectra are shown in Figure 3-30. By comparison

with the absorption coefficients measured in the laboratory for
these gases, mixing volumes of 5 x 1071} ana 2 x 107! were
estimated respectively for the abundance of these two pollutants.
Presumably in a down-looking geometry, concentrations of these
gases in the lower troposphere could be measured to equivaleat
limits by measuring their absorptions of the continuous spectra

of ground-based electriral lighting and the sun glitter.

3.2.15 Conclusions

We may conclude this section by assuming that it is assured that
any gaseous pollutant which has rotational vibronic and/or
electronic signatures in spectral windows of the atmosphere may be
sensed remotely by the corresponding reflectance of sunlight -f

its concentration exceeds 0.02 ppm over a path of 1 km. There

is a possibility to lower this threshold by combining spectroscopes
simultaneously observing several bands characteristic of a given
pollutant. This technology has been demonstrated up to a 30-km
altitude (and perhaps has already been demonstrated up to a 30-km
altitude and is already in use on satellites)*. The

*See, for example, titles announced for the International Conference
on Environmental Sensing and Assessment to be held September 14-19,
1975, in Las Vegas, Nevada, co-sponsored by the World Health
Organization, the U.S. Environmental Protection Agency, and

the University of Nevada.
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sensitivity may be increased also by finding more sensitive
microwave and infrared detectors and more powerful reference
lasers for heterodyning.

Consider the molecule, for example,

where A, B, X, and Y are ligand groups such as 0, OH, F, S, SH,

Cl, CN, CO, NHZ, an2n+l' OR, and R where R is a hydrocarbon ligand,
etc. To determine the presence of this molecule in the low
troposphere from satellite altitudes, one could construct masks

in the spectrograph to fit the vibration spectra of two or more

of these ligands, and construct two or more masks for vibration
spectra of the bonds between P and the ligand groups. In this way,
assessment of a particular polyatomic molecule could be obtained,

at concentrations of down to 0.02 ppm. Heterodyning technologies
where several characteristic molecular frequencies are combined
with several reference laser frequencies have been proven as workable
possibilities. It seems possible that the minimum concentration

of assessment can be lowered.

Furthermore, the reflectance technique is practical for assay

of oils on surfaces of waters and of pollutants in waters and for
assay on the surface of the earth such as slag piles, mine tailings,
ore piles, and the like.
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3.3 EXCITATION OF VISIBLE AND INFRARED EMISSION AND ABSORPTION BY

GROUND-BASED SOURCES SUCH AS FIRE, LIGHTNING, ARTIFICIAL

ELECTRiC LIGHT, AND SUN GLITTER ON OCEANS, LAKES, RIVERS AND

HARBORS

Ground-based sources which are capable of causing emission and

absorption of electronic- and near-infrared transitions offer a

gratuitous methodology of remote assessment of tropospheric gases,

as follows:

Forest fires and urban fires including flare-offs of gases from

0il wells and refineries can excite atomic and molecular emissions

which are lines and bands in the visible and infrared, and can

produce a visible infrared continuum against which absorption bands

of gaseous molecules and their ligands may be observed. The

same 1s true of concentrations of electric lights, such as those
that characterize cities, highways, and airports at night. Some

xinds of artificial lights emit lines (Ne, Na, Hg, etc.) as well

as continua, but usually these lines are no hindrance (such lines

are a common phenomenon in photographic exposures with astronomical

telescopes, the radiation being scattered into the telescdpe
by the atmosphere).

The sun glitter, by specular reflection on bodies of water, is a

Wwell—known phenomenon in the astronauts' photographs of the
surface of the earth. See, for example, Specular Reflections
of the Sun, This Island Earth, NASA SP-250 (1970), Washington,
D.C., pp. 42-45, 49, 52, 54, 57 and 58; Earth Photographs from

pp. 33, 34, 45 and 216.

The glittering spot enlarges as the wind waves enlarge.
The spot is almost as bright as the sun and reflects all wave-

lengths able to come through the windows of the atmosphere. Thus,
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measurements made with a spectrograph having its slit pointed at
the glitter (or at the source of artificial light) and extending
beyond the image of the source will show the spectrum of the
source at the center of the photographic plate, overlain by
absorption bands of pollutants, while the images of the extensions
of the slit into the dark regions on each side of the light source
might show the spectrum of emission lines and bands of excited
atomic and molecular pollutant species. See Figure 3-3l.

§ POLLUTANT

JWETTT™ SOURCE AND.
.07+ POLLUTANT
= POLLUTANT

Figure 3-31. Spectra Observed with Spectograph S1it Laid Across Sun's
Glitter into Regions of Little Retiection from Earth's Surface

If the source is the sun's glitter, there will also be Frauenhofer
absorption lines. These are well known and therefore can be
corrected.* An orbiting satellite will have frequent
opportunities to measure spectra excited by the sun glitter. The
sensitivity of detection can be enormously increased by replacing
photographic flim with photomultipliers. Only about 3 photons

*Actually, in the solar light reflected from the ground, the
Frauvenhofer absorption lines are to a large extent filled in
by Raman scattering [Ref. 3-23].
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are needed to produce a count in a photomultiplier whereas
sufficient blackening of film to produce a line (compared with
random black spots in the film) requires a much larger photon
flux.

3.4 EXCITATION BY TROPOSPHERIC LIGHTNING

3.4.1 Experiment No. 14 [Ref. 3-24]

A slitless Spectrograph has been used in Tucson since 1960 to
study the spectra of lightning flashes. Being slitless, the
image of the stroke is depicted on the film in a wide range of
wavelengths. Also, absorption bands appear in the continuum
light of the stroke. The spectrograph has an aperture of 8 cm,
a focal length of 61 em, and a dispersion of 25 R/mm. Spectra
have been obtained in the near ultraviolet, visible, and infrared,
from 4000 A to 9500 1. Photographs have been made using a fixed
film holder sc that integrated spectra are obtained for several
strokes, and using a rotating drum for study of single strokes.
Emission lines and.%bsorption bands observed are listed in

Table 3-11. Reproductions of some of the infrared spectral
features are shown in Figures 3~32 and 3-33. 1n emission, lines
were obtained only from neutral atoms such as nitrogen, oxygen,
argon, carbon, and hydrogen. No molecular bands were observed
in emission, but O2 and HZO bands were observed in absorption of
the continuum light of the stroke. The emission lines of the
Neutral atoms come even from levels close to the ionization
Potential. Multiple discrete lines of OI are emitted from upper
excitation levels above the ionization potential of Or.

3.4.2 Experiment No. 15 [Ref. 3-23]

A larger slitless Spectrograph, focal length 122 ¢m, aperture
20 cm, and dispersion 12 &/mm gave new informaticn, for example,
absorption bands of water vapor near the center of g alpha and

ol o — T



Table 3-11. Lines Identified in the Slitless Spectrum of Lightning

from 6563 to 8820 A

Multiplet No.

4 Seusy & UEP(eV)
6:62.8 H (1) 12.0
6610.6 NI (31) 23.4
6645.0 NI (20) 136
6334 NI @0 136

< 611 NI @1 13.6
67264 ol @ 109
6868 0,

7156.8 ol (39 144
74216 NI @ 119
442.3 NI @ 109
7468.3 NI ® 119
476 ot (59 15.7
7503.7 Arl ® 134
7593 0,

723.8 Arl M 131
17720 ot ) 10,
4.2 ol ) no.;}
17754 o1 (1 107
1939.5 ol (35) 14.0
19432 o1 (39) u.o}
7947.2 ol (35) 14.0
7947.6 o1 (35) 14.0
7950.8 ol (39) u.o}

1952.2 ot (35) 14.0
3014.8 Arl () 13.0
$103.7 Asl . ®) 130
8115.3 Al (1) 130
siess NI @ 118
81880 NI @) 113
8200, NI @ 1.3
8210.6 NI @ 11.8
8216.3 NI @ 1.8
82231 N @ 11.8
8228 o1 (34) 14.0
8242.3 NI @ 1.8
8264.5 Al 9 133
8403.2 Al (8 13.2
8424.6 Arl (3) 13.0
8446.6 01 4) 109
85214 Arl (8) 132
8567.7 N1 (8) 121
€04 N NT (R 121
8629.2 NI ® 121
8655.9 NI (8) 12.
8680.2 N1 (1) 112
8€83.4 N (1) 1.2
8686.1 Ni m 1.7
8703.2 N1 (1.3
8711.7 Ni (1 1.7
8718.8 N1 1) 1.7
8728.9 N1 1) 1.7
87474 NI (n n?
88204 (0} (37) 141

Remarks
v, broad
sharp
diffuse s
diffuse
diffuse
diffuse; 2 lines within 0.2 A
absorption band

single line. UEP is 0.8 eV above
ionization potential of Ol. See
also 01 (34), (35), (37), (59).

blends with

O 1 (59). e
central A for 6 lines within 9.3 A
absorption band

usually show
as a close
pair.

blend of 6 components resolved
as two lines in spectrum,

blend of 6 components resolved
as two lines in spectrum

Blends with O 1 (34)

Central 4 for 7 Lines within 13.5A

Central A for 3 Lines within 0.4 A

Completely resolved multivlet
with no blends

Single line
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Figure 3-32a. Region of H-alpha--Enlargement of a
Negative from 0.6 meter Spectrograph

Figure 3-32b. Region of 7423 A to 7774 A--
Broadened NI and OI Lines
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Figure 3-32c. Absorption Bands
Due to 0, in Air-Path
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Figure 3-32d. NI and 01 Multiplets,
from 7947 A to Region of 8683 A
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Figure 3-32e. A Slitless Spectrum of Lightning in Near Infrared
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Figure 3-33a.

aoag ThpErer. - -

Figure 3-33p. Isodensity Tracing of H-Alpha
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in its wings, and more absorption bands between the absorption bands
of O2
effect in the strong electric fields of the strokes so that theoreti-

at 6868 and 7593 A. The emission liues are broadened by Stark

cal dispersions are not obtained. Comparison of relative intensities
of emission lines of multiplets allows the temperature of the lightning
strokes to be determined as 24,000 to 300,000°K. Salvane is developing
the use of a slitless spectrograph at 3000 to 3300 A [3-24]).

3.4.3 Experiment No. 16 [Ref. 3-26]

Orville uses a slitless spectrograph with a moving high speed

streak camera. The focal length is 20 cm, and the dispersion is 72 A/mm
The writing rate of 0.12 nm/usec produces a 4-usec time resolution.

In this way, it is observed that singly ionized NII emissions emit

first within 10 usec followed by an emission of a continuum, which

in turn is followed by neutral emissica of O, C, N and especially

H as shown by the streak spectra in Figure 3-34. The stroke tempera-
ture vs time is found to decay from ~36,000°K with a half-life of

abcocut 20 usec. The electron densitigs are ~1018/cm3 in the first

5 usec decreasing to 1017/cm3 at 25 usec. Electron densities may
be much higher at times less than -5 usec. Pressures in the stroke
at 5 sec are about 10 times atmospheric, and densities are
correspondingly increased about a factor of 10 (see Figure 3-34).
(N.B., although NIII emissions are predicted, they had not yet been

observed in Experiment 16.)

3.4.4 Summary

One notes that neutral emission lines of argon are excited in
lightning strokes. Argon is present to about 1 percent by volume
in air. Whe metal reprocessing plants for nuclear fuels are
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active, their stack gases contain several percent of krypton,
xenon, bromine and iodine. 1In principle, lightning storms far
downwind of the stacks might excite observable emission of the
neutral and singly ionized states of these atoms and hence allow
their presence to be detected by remote assessment in the visible
and near infrared. Measurements on atmospheric spectra stimulated
by lightning should be carried out near industrial centers in order
to determine if interesting pollutants may be assessed remotely
this way.
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SECTION 4. METHODS OF ASSESSMENT BY ACTIVE METHODS:
SUCCESSFUL EXPERIMENTS

4.1 ACTIVE PROBING AT AIRPLANE AND SATELLITE ALTITUDES

There have been several active measuring devices used at
airplane and satellites altitudes. The importance of many of
the following experiments lies in the fact that the surface of
the earth has routinely been being probed by artificial electro-
magnetic radiations produced at satellite altitudes and beamed
at the ground. Experiments 1 through 4 assess quantities other

than gases.

4.1.1 Experiment No. 1

Skylab carries a 13.9-GHz radiometer/scatterometer and a 13.9-GHz
radar altimeter (A ~ 2 cm) plus its transmitter. All satellites
use data transmission capabilities; e.g., ERTS A and B use 20
Megacycle data transmission [4-1].

4.1.2 Experiment No. 2

An active microwave radar at 16.5 GHz, sidelooking, and two
scatterometers at 400 MHz and 13.3 GHz, borne on a Lockheed
NP-3A-Orion (4-1].

4.1.3 Experiment No. 3

An active 13.3-GHz microwave scatterometer borne on a Lockheed
Hercules (NC-130B) ([4-1}.

4.1.4 Experiment No. 4

An active radar altimeter borne on an RB-57A. These latter experi-
ments have been tested over the U.S., Gulf of Mexico, Caribbean,
Atlantic, Mexico, Brazil, Argentina, and Peru [4-1]j.
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4.1.5 Experiment No. 5

The polar orbiting Alouette satellites, which have been in orbit
since 1965 have been regularly irradiating the earth's atmosphere
with pulses ot 0.2 to 14.5 Mc, at 300 W [4-2]), see Subsection 3.1

4.1.6 Experiment No. 6

A neon laser (5401 A # 0.01 ) was airborne on a Turbo-Commander
aircraft flying at ~500 ft above Lake Ontario. Peak pulse power
of the laser was 30 kV, at pulsewidth 3 nsec, at 100 pulses/sec.
Time of flight of return of the laser pulse reflected back to the
aircraft was measured to determine the depth of the layer of
water which was scattering the laser light. 1In clear water, this
laser light orobes to a depth of 120 ft, whereas in turbid water,
the effective depth may be reduced to about 30 ft. The time of
return by reflection from the bottom can be measured if the water
is not too deep. Signal-to-noise ratios of 100 were obtained

at an “1-km altitude (4-3].

4.1.7 Experiment No. 7

Routine irradiation of Eastern Europe, Russia, China and India
by over-the-horizon, Doppler-shifted ionosonde transmission at
about 20 Mc, see Appendix A, at about a 300-kW power. The trans-

mitters are tunable to optimize reception.

4.1.8 Experiment No. 8

Routine irradiation of world countries by amateur radio trans-
mitters, communication satellite transmitters, navigational and
aircraft transmitters, airplane and fixed radars, submarine to
shore transmitters, The Voice of America, microwave transmitters,
ICBM radars, communications satellites, etc.




4.1.9 Experiment No. 9

A very large (geographically and energetically) Doppler-shifted
backscatter experiment was conducted at Jicamarca, near Lima, Peru,
(4-4], for many years by the Bureau of Standards at Boulder,
Colorado. The frequencies used were ~40 and ~80 Mc, at powers

of several hundred kilowatts. The purpose was to study movements
of plasma layers of the ionosphere. Lima is at about zero degrees
magnetic latitude, so the reflected electromagnetic signal comes
directly back down to the laboratory.

4.1.10 Experiment No. 10

R. M. Schotland [4-5,4-6] has measured wate. vapor concentration

up to a 2.1-km altitude using a ground-based pulsed ruby laser beam
scattering backward. The laser wavelength was tunable through

the range 6934-6950 3, delivering 0.5 J pulses of a 40-nsec duration,
at a rate of one every 7 sec. The beam divergence was about

S5 mrad. The lines of water responsible for enhanced backscatter
are shown in Figure 4-1. The detector was a photomultiplier.

The bandwidtn was 2 megacycles. The optical efficiency was 0.4.
The signal-to-noise ratio was 10 at 7 km, filter of 4 A half

width mounted in front of the 14 stage wi:h a photomultiplier.
Presumably the signal-to-noise ratio can be improved by better
thermal control of the ruby laser, the filter, and the photomulti-
plier, and with a laser capable uf more power per pulse. The

laser used in this experiment had a spectral width ~0.1 A and a
power level greater than 107 watts in a pulse of ~100 nsec. The
radiance background for the 7000 A region is given as

2 x 10713 watt/cmz/sterad/i for night and 2 x 1077 watt/cmz/
sterad/! for day. The signal-to-noise ratios for levels up to

5 km are quoted as ~25 at night and ~20 in the da{}2 The

signal-to-noise ratio is expected to improve as n where n is

the number of pulses.
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4.1.11 Experiment No. 1l

A pulsed Nz/Ne tunable dye laser 100-kw peak power for detection
of various kinds of chlorophyl in water ‘own to about 20 meters
depth has been investigated in the laboratory and on aircraft.

The capability seems able to measure chlorophyl down to concen-
trations of ppb. Laser excitation spectra for various kinds of
algae range from 4200 A to 6750 A, while their fluorescent spectra
range from 5800 to 6850 A. About 2 percent of the energy in the
laser pulse is reflected from the surface of the water. With Ne,
the laser frequency is 5401 A. Witk NZ’
attached, the .aser is tunable £from 4000 to 7000 A. The pulse
width is 5 to 10 nsec, and the rep' 'ition rate is 100 to 1000 pps.

and with a dye cell

The fluorescence spectra of the various kinds cf algae were
measured using a grating anc photomultiplier. The time for
enission of fluorescence was found to be about 8 nsec, with
quantum yields of about 1 percent. The signal-to-noise ratio was
about 100 at a l-km altitude for the airplane. A schematic cf the
time of flight vs pulse height is shown in Figure 4-2, and some
fluorescent spectra for varicus algae species are shown in

Figures 4-3 and 4-4 [Ref. 4-7].

4.1.12 Expe-iment No. 12

The hydroxyl radical (OH) resonance fluorescence in air has been
detected by reflection of tunakle laser radiation near 2828 A in
the ultraviolet. Concentrations determined in this way ranged
from apbovrt 108 hydroxyl radicals per cm3 in the daytime vo about
106 per cm3 at night. The hydroxyl transitions causing the
fluorescerce were those for 2m « - 2). The laser . yht was
derived from the second harmonic of a dye laser consisting of
rhodamine dissolved in methanol. The repetition rate was one
per 10 sec, at about a 0.5-usec pulse width, 6 mJ per pulse,

1

and about a 0.4-cm™* spectral width.
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Fine tuning of the laser was accomplished using a grating for end
reflector in the laser together with a Fabry-Perot etalon. The
observed fluorescently reflected spectra are shown in Figure 4-5.
The power of the fluorescent signal was found to depend linearly
on the power of the laser pulse [4-8].

4,1.13 Experiment No. 13

Gibson and Thomas [4-9]) made measurements with a ground-based
laser, wavelengths variable between 2970 and 3080 A, between ground
level and about 20 km. The transmitter consisted of a flash-lamp-
pumped dye laser, tuned with Fabry-Perot etalons, frequency
doubled by an ammonium dihydrogen phosphate (ADP) crystal

oriented for critical phase matching. The receiver used a one-
meter mirror with filters and a photomultiplier. The data
represent firings on five nights with between 100 and 100C

firings per night, and are consistent with returns expected for
Rayleigh scattering for a standard atmosphere. The parameters

of the UV laser were about 3000 A tunable wavelength, at 0.2 nm
beamwidth, 1l pulse/sec, 0.2 mJ per pulse, 5 msec pulse width.

The differences in attenuation between two different wavelengths,
namely 3080 and 3035 A, were interpreted as caused by ozone, from
which interpretation of a measure of the ozone concentration vs
height was obtained. Improvements on the technology and
methodology are anticipated.

4.1.14 Experiment No. 14

Raman backscatter from the real atmosphere has been accomplished

by various people [4-10]. For example, D. Leonard observed Raman
backscatter from atmospheric ni’ :ogen, using a pulsed nitcrogen

laser at 3341 A. The Raman frequency shift for nitrogen is 2340 cm-l.
The Raman return occurs, therefore, at 3625 A. Leonard also
observed the 0, Raman vibrational return. The laser was low

2
powered and the range therefore was limited to 1.2 km.

4-9
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4.1.15 Experiment No. 15

J. Cooney [4-11] detected the nitrogen Raman backscatter from the
real atmosphere using a pulsed ruby laser at 6943 A. Melfi

et al. [4-12] used a frequency-doubled ruby laser to detect Raman
backscatter of water vapor to altitudes of 1.5 km. Aerosol
backscatter does not show up in the Raman return because the Raman
backscatter is caused by gases only, so neither clo'ds nor

other particulates interfere with observations.

4.1.16 Experiment No. 16

Detection of 502, Co, and CO2 in stack gases has been proven by
Kobayasi and Iraba [4-13], using a ruby laser and a monochromator
to select the Raman backscattered light.

Preliminary results of Schwiesow [4-14 & 4-15] indicate that the
cross section for Raman scattering from the CH stretching bond
in organic molecules may be 20 times that of Nz, large enough to
allow detection of organic pollutant films on water surfaces.
See, also, Gross and Hyatt [4-16].

4.1.17 Experiment No. 17

The feasibility of measuring water temperatures to depths of 30 m
by remote observation of Raman backscatter has been demonstrated

in the laboratory by Chang and Young [4-17], using a dye laser
(AVCO C950) of 0.3-watt average power and a monochromator at 4590 A
and a photomultiplier. The Raman-shifted spectrum of the OH

l. The

polarization of the backscatter line is temperature dependent as

bond returns at 3911 A corresponding to Av = 3450 cm

are the intensities at different wavelongths. About lO6 photo-
electrons can be collected in 20 sec using a laser of 0.3-watt

average power carried on a helicopter flying at a 50-m altitude




using a single photomultiplier. At a 100-mile altitude, they would be
decreased by ~108. In order to receive 10 photons in 20 sec, the
number of Photomultipliers could be increased so that the area of
their windows went up by a factor of 1000 or the laser power

could be increased or both. For example, the average depth of the
Ocean thermocline should be measurable from satellite altitudes

by Raman backscatter according to the present analysis.

4.2 SAFETY ASPECTS OF LASER PROBE FROM A SATELLITE

Consider safety aspects of visible laser light, 1 ~ 6000 A. We
choose a visible wavelength because visible and ultraviolet light
are more dangerous than infrared. The eye is essentially opaque
to radiation longer than 14,000 A (because it is made chiefly

of water) so that such light is not focused on the retina whereas
visible is. We take the square divergence of the laser beam

to be 1077, as follows:

The theoretical square divergence is (D/AR)2
where D is the aperture (~10 em), N is the )
wavelength (%10-4), and K is the distance (N10-7).

In practice, the Square divergence appears to be smaller, about

4 x 1077 for a laser at 3000 § [4-18] equivalent to ~10~6 a¢

6000 3. Suppose we consider a satellite-borne experiment which
carries a laser of l-watt power, making 1 pulse per sec, equiva-
lent to 3 x 1018 photons emitted Pér sec, on an aperture of ~1 cmz.
We assume a target of pPolluting gases at 10 PPmM in an atmospheric
ground layer of a 103-m thickness, equivalent to 3 x 1019 atoms/cmz.
The electric dipole Scattering cross section is 7 x 10723 cm2/
electron. The number of photons scattered resonantly is therefore

(3 x 10%8) (3 x 1019) (7 107%%) /sec = 6 x 10%3/sec per electron.

4-12
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In returning to the satellite, the photons are diminished by
2
1/4 R

per cm2 per sec, or 6 photons received in 100 sec for molecular

10715 /cm? so that there are 0.06 photons received

targets containing one electron. Suppose there are six identical
bonds in the target (e.g., six bonds of CH with two electrons

per bond), then the number of photons received at the satellite
is increased by 12 times, etc.

The wattage of a l-watt laser received on the ground is less than
-6
10

the retina. This is a million times smaller than the level of

watt/cmz or for example, 1 joule per 30 nanosec focussed on

corneal irradiation presently judged to be safe, namely 1 watt/cm2
in the visible [4-19].

We have used the cross section for elastic scattering in the above
analysis. The magnitude of the cross section for Raman scattering
can be made to approach that for elastic scattering if the laser
frequency is chosen to approach a resonant frequency of the
molecule to be detectea.

If one were to use laser probes at satellite altitudes, it would
be reasonable to direct the laser beam pointed downward along the
line connecting the satellite with the sun (on the day side of
the earth) because humans and animals do not look at the sun

and hence would not receive laser radiation in their eyes.

A photomultiplier gives a positive count with as few as three

visible photons. Hence, these signals are detectable. We have

taken no account of the effects of atmospheric turbulence (twinkling).
Some measured Raman cross sections are shown in Table 4-1 [4-17].
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4.3 RECENT DEVELOPMENTS IN LASER TECHNOLOGY

A summary of progress in several kinds of lasers, their wavelengths,
efficiencies, and powers 1is shown in Tables 4-2 thru 4-5. Mirror
sizes neerded for efficient communications between the earth and
satellites in low earth orbit and in geo-synchronous orbit are

shown in Table 4-6. For detection, fewer laser photons are

needed than for communications, so the mirror sizes can be

smaller.

4.4 PRESENT CAPABILITIES OF BOLOMETRIC SENSORS AND THEORETICAL
LIMITS TO SENSITIVITIES

Present and projected radiometric sensitivities and theoretical
limits to sensitivities are shown in Figures 4-6 and 4-7 [4-20].




Table 4-2. Characteristics of High-Intensity Lasers [4-21]

Laser Wave- Eff- Peak Pulse Laboratory
Medium  langth ciency power dura-
% (W) tion

Nd : glass 1.06 um 0-2 7x10" 1.5ns Battells, Columbus,
USA
4x10't 230 ps Lawrence
Livermore, USA
10't ins KMS Fusion Inc.

USA
2x10'* 500 ps Univ. Rochester
USA
$Sx10'" 2ns Lebedav, Moscow,
USSR
Co, 10.-6 um 3-§ 5<10" 1ns Los Alamos, USA
lodine 13t ym 0.8 10" 700 ps  Max-Ptanck-Inst.
Garching, Germany
Hydrogen 2.7um 180 10" 35ns Los Alamos and
fluoride (elec- Sandia, USA
trical)
5 (che-
mical) o
Dye 605 nm <10-* 3x10* 3ps Imperial College [0SV A

London o
Xenon 173nm >2 4x<10% 20ns Los Alamos and 3433 A

Maxwel!l Labs.

Inc. USA
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Table 4-3.

Operating Characteristics of Doubie-Fulsed

Metallic Vapor Lasers [4-22]

Lasant
Operating P2rameters l.ianganese Lead Copper Copper Copper
Chioride  Chioride Chioride iodide Formate
Butler gas rie al Hgal HeandAr Hel e al
1-2torr 1-2torr at1.20torr 1-210fr  t-210fr
Timadelay,d sec 150 150 100 100 100
Temperature, C 680 500 400 575 135
Laser energy density, 1.3 4 35 1 —
Jiem
Laser peak power density, k& 160 1700 500 —
wlem
Wavelength, A 5341 729 5107 £107 5107
a 1.n.-glam. 1ibes.
T-2 IMPORTANTIR LASENS
Laser  Wavelength, ne Ts=h¥ /k  Absorbing  Egiss.
n ev gas [V}
CO, 10.6 01 1300 SFg 313
Cco 47 026 3000 co 1A
HCI 35 0.3% 4100 HCI 44
HF 28 0.44 5100 HF 5.9
4-17
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Table 4-6. Laser Transmitter and Receiver Sizes. For Low Earth Orbit

(160 km), and Geostationary Orbit (36,000 km) and CO, (10.6 um)

SIFFRACTICN LIMITED
PRCPAGATION OF

3 \\\\ N \\\\ PR
- N3 nw\\\g\ TRUNCATED GAUSSIAN

RECEiVER diq, it

, CO (5 wum),
and Hypothetical Visible Laser (0.5 um). No Atmosph%r1c Absorpt1on
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SECTION 5. SUMMARY AND RECOMMENDATIONS

Electromagnetic signatures of gases and of subcomponent ligands
in gaseous molecules have been itemized. The methods to compute
these signatures have been detailed. Functioning successful
technologies to identify these siognatures remotely and their
related hardware and sensors have been described in the foregoing
report.

Recommendations to use this information in ARPA's program for
remote assessment of materials are described here.

I. Implement remote assessment of materials of interest to the
Department of Defense as follows:

a. Obtain laboratory absorption and emission spectra,
including Raman spectra and ESR, for reasonable column
densities of materials of interest from the literature

or by making such measurements.

b. Computerize and compute composite spectra for various
appropriate combinations of atmosphere plus gases of
interest plus atmospheric pollutants, (or in the case of
liguids, compute compositc spectra for water plus
liguids of interest plus pollutarn:s. In the case of
solids, compute spectra for various kinds of soils
clus solids of interest plus zollutants). 1In this
terminology, the material o be assessed is excluded

from the term "pollutant."

rom <he computed composite spectra, generate interfero-
jrams or other ou:iputs of the various sensors used in

3
presently successful technologies of remote assessment.




Decide on the frequency interval in which the substance
of interest could be most sensitively detected and by
which of the several technologies already successful.

Design the equipment for measurement at satellite
altitudes for telemetry of the measured information to
ground and/or for date rwuduction.

Operations whose remote assessment may be important to the DOD

and whose signatures might be relevant to the above analysis

include the following:

Explosives manufacturing: for example, gases evolved in
the manufacture and storage of alir“atic-fluoro-nitro
high-density compounds.

Nuclear fuel manufacture, enrichment, and reprocessing;
gases evolved are, for example, SFG' UFG' HF, organic
solvents such as ether, NOx, Kr, Xe, 12, Brz.

Manufacture of insecticides, chemical warfare gases and
CW components, gases which may be input materials or
may be evolved in the manufacture of CW gases and

insecticides.

Manufacture of propellants, gases which may be input
materials or may be evolved in manufacture, e.g.,
hydrazine and UDMH.

Emission of gases used in high-power chemical lasers,

e.g., F., Clz, H Xe, Kr, Ne, A, HF, HCl.

2 2!
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f. Stockpiling of ores, raw materials, waste materials from
manufacturing and mining and refining, specifically,
rare earth deposits, tungsten ores, asbestos ores,
steel mill slag, coal piles, cryolite, platinum and
platinum group metal ores.

g. Disposal of liquid effluents from manufacturing and
mining and refining, oils, trace chemicals in waste

waters.

II. Support research and development on gas, liquid and solid
lasers, for high power, better methods of coolina. greater variety

of lasing wavelengths, higher repetition rate.

III. Improve bolometer sensors, the sensitivities of which are

now far below their theoretical limits.

IV. Analyze tecihnology of heterodyning to evaluate the sensitivities
which may be achieved with various kinds of reference frequencies

and their sources, and various xinds of sensors and filters.

V. CUpdat2 the present report on methodology of remote assessment
of gases to include unpublished new results, hardware, sensors,
and technology successfully demonstrated in the last year, by
NASA, CIAP, ESRO-ENDO (European), and Russian researchers. For
example, the Proceedings of the Fourth Confererce con Climatic
Impact Assessment Program is in proof for publication early in

1976; experiments of interest should be abstracted.

VI. Support further study of lightning spectra at cptical,
microwave and decametric frequencies from ground level and balloon
and airplane altitudes, eszecially in polluted atmcsgheres,

near stack gas emlssicns, and near metal reflneries.




VII. Support study of optical spectra measured in absorption of
the sun's glitter and in emission close to the glitter, as the
glitter is reflected from oceans, lakes, harbors, rivers and
ponds, using airplanes and balloons.

VIII. Support airborne study of optical spectra measured using
urban artificial light sources, especially from airports and
streets.

I¥X. Support a search at airplane altitudes for Raman-shifted
frequencies of radiations from ground-based transmitters.
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APPENDIX A

The following article by Peter Laurie entitled, "An Eye on
the Enemy Over the Horizon," taken from the New Scientist,

7 November 1975, has been reprinted in its entirety in this
appendix.

Oxford Ness, trne £22 millicn experir-mtal over-the-
norizon radar station on the Suffolk coast, was shut
down two years ago. Is JTH just another expensive

. a -

military tou? Or 13 it, in faci, so 27 fective that
- F) Pl 2 . d

™

the U.3. really was realy to <intervene in war-tcm

Cyprus to uyrotect tne creraticnal ITH staticon inere?

For those who enjoy dabbling in defense mysteries, over-the-
horizon (OTH) radar is public enough for one to know that it
exists, yet little enough has been published about it to make
the subject intriguing. The orinciple is simple enough and

is fundamentally the same as microwave radar with which we are
all familiar. Instead of using radio waves in the centimetric
region, which travel in almost straight lines and limit radar
ranges against aircraft to 300 miles or less, one uses waves
in the high-frequency band (HF) which are normally used for
intercontinental communication. They bounce alternately off
the ionosphere and the Earth's surface to give ranges of several
thousand miles. A cowerZul, directional transmitter emits
pulses oL these waves which are reflected by aircraft targets
several thousand miles away and which are then detected in a
sensitive directional receiver. This much is obvious and has
been for decades; what has not been sc obvious Is how to make
the system work.

There are several snags. The Zirst is tc secure jood ionospheric
refler~ion without t0o much absorptior. Again, as 1n corumunl-
catiorn freguency management, it 1s necessary to tailor the
freguency used td the time of day anc the sunspct cycle. Low
frequencies are necessary a*t night to get reflection, and high
ones cur‘ng the davy :0 avoid excessive abscrpticn. In pract:ice,
an OTE radar neecds a secondary, vertical, sounding radar to

test <he 1ioncspheric weather, together with an HF receliver =0
search the band f2r sJulet channeis. The mDes%t racdar freguency

1s then calculated by a ccocmputer and the transmitters and
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receivers adjusted accordingly--~which, for installations as

powerful and complicated as these are, is in itself quite
a performance.

The second snag is that signals of interest arrive at the
receiver at extremely low vertical angles. Aerials which
produce a beam only 2° - 4° above the horizontal are neces-
sarily massive structures whose most important feature is a
good conducting ground plane extending some 3 km in the
forward directiorn. This can be, and has been, done on land
by laying vast areas of wire mesh, but it is much easier to
use the sea, and the majority of OTH are to be found on the
coast. Together with a need for low-angle radiation goes the
necessity of a narrow beam in the horizontal plane--this

improves the signal-to-noise ratio and gives better discrimin-
ation between targets. To produce a beam 1°

in the HF region,
an aerial array about 1.5 km wide is needed

Already the difficulties seem staggering, but worse is to come.
The majority of the returned signals will be from ground and
sea: a 50 kW OTH radar at th> Appleton Laboratory at Slough,
where much of the early theoretical work was done, showed
about 1 mV signals on the aerial from ground clutter, while
returns from aircraft were p.eiicted as one hundredth of this
voltage. Happily, picking these out is not as difficult as
it might seem, for if HF radars are imprecise about distance
and bearing, they are acceptably accurate when used to detect
radial motion throuch Doppler shifting of the returned echo.
At 20 MHz, it is possible to resolve a l.5-knot difference

in target speeds, while ground and sea clutter is easily
filtered out.

P2nging is not so good. Since the signal is busy bouncing

£f the ionosphere for the first 1000 km out from the trans-
mitter or receiver, no echoes can be returned from this
region. Range resolution is apt to be 20-40 xm and, relative
to a kncwn target, an accuracy of 2-4 km can be achieved.
This is for signals cn the first bounce--that is, out to a

distance of 4000 km. Signals that have arrived by two bounces
will show worse resolutions.

Bouncing Off the Sky

The real

szicultv in making these devices operatlonal
nowever, as be in understanding the mechanics of the
bounce 0ff the Lonosohere This layer is the interface
between two £luid layers ard iz éisturbed as the surface of
the sea. ne

can see the lower manifestations of
waves in the nccansional

£ ionospheric
bands ¢f high cloud that lcok like

-




breakers. These waves, together with more random swirls and
twists, distort the returned echoes like mirrors in a fun-fair.
Professor E. D. R. Shearman of Birmingham University, who

uses an ingenious aperture synthesis technique to apply OTH
radar to the study of sea waves far out in the ocean, likens
the result to the "undulating, warped view we see of the
bottom of a swimming pool when looking down at it through the
rippled water surface" [Spectrum, No. 67, 1969].

What has made OTH radar a useful tool, both for the military
and for oceanographic and ionospheric studies, is real-time
computer processing c¢f the echoes using the distorted pre-
Doppler filtered ground returns as a guide to the state of

the ionosphere, so that appropriate corrections can be applied
to active targets. (Interestingly enough, the same problem

occurs in processing the returns from the huage
sonars that survey equally vast areas of ocean
and for the same reason--that is, waves on the
One ionospheric disturbance that, it seems, no

low-freguency
for submarines,
sea surface.)
amount of

computer processing can correct is w-en the ionosphere is
punched in by blasts of electrons from the Sun to form aurorae.
So OTH radar paths ought really to avoid latitudes higher

than 60°.

The first thorough description of an OTH¥ radar with military
potential appeared a few months ago (J. . Hendrick ané
M. I. Skolnick, Proceedings of IZE, June 1974, p. 664).
paper described tne U.S. Navy's ?Project Madres radar at
Chesapeake Bay, Virginia, which can look south to Cape Canaveral
to get experience with returns frou. rockets ané their ionized
wakes and across the Atlantic to follow commerical aircraft.

As long ago as 1961, it was tracxing flights cut to 4000 xm
with 50 kW of power. The aerial array ccnsists of a double

row of dipoles in 90° corner reflectors, and measures 32 by

43 meters. A large, low-angle EF aerial of some interest

was built 1n Australia at Rockbank, 20 miles NW of Melbourne,

in the early 1960s. It consisted 0f several slow wave

The

structures lying parallel on cearing of 106° True, 2ach

four wavelengths long, including the large ground plane.
Altogether, the aerial used some 25 miles 2f wire. It worxed
at a fixed frequency near 20 MEz ancé could De steered by gnase
shifting the feeds to the different sections to cover Singapore,
Calcutta, and the U.X. (J. F. ward, Nature, 205, p. 1382},

The one great advantage that HF radar has cver centimetric
radar is that targets of military interest give returns by
resonant, rather than optical reflect:on--since thelr dimen-
sions are o2ften comparable with a hall waveliencth 172 a:t

20 MHz .s 7.5 meters!. This mecans that <hey re-rad.ate as




well in the forward direction as backwards to the transmitter. ;
Consequently. OTH radars can be employed in both forward- and |
back-scatter modes. Thus near targets can be examined by E
having a receiver near a powerful slewing transmitter, and

far targets can be studied by placing another receiver at the :
far end of a great circle through the area of interest. This :
makes sense on economic grounds as well, since one transmitter,

which tends to be a heavy and expensive item, can cover twice {
as much ground. A constant satellite link w~ould be needed to ]
coordinate frequency shifts at the receiver and transmitter.

Extrapolating Madre 1

So far nothing much has been published about the military 3
applicationg of OTH radar, but we can make some intelligent
guesses by extrapolating the Madre results. The basic radar
eguation says that if the aerial gain, noise conditions,
target reflectivity and frequency are constant, the minimum
transmitter power needed to produce a usable return varies as ]
the fourth power of the range. One can adapt this to the 1
forwird-scatter mode by _saying that the transmitter power (P)
is egual to Xdj17¢ x dp~¢ where the target is a distance d)
from the transmitter and dj from the receiver. Inserting

the Madre result that 50 kW successfully illuminated aircraft
targets at 3000 km, the constant turns out to be 6.17 x 10-10
when d is in km and P in watts (Figure 1).

The Xnown OTH radar sites are Orford Ness in Suffolk, built
by the Americans and operated until recently by joint British
and U.S. staff; Cyprus, built by the British and operated by
the Americans; anc Okinawa which is presumablv completely i
American. Concentrating on the last two for the moment, one
sees (Figure 2) *that the cover one might expect from a forward-
scatter :ada in Cyprus !(or Okinawa, the pattern being symme-
=rizal) would *take in many cf the areas in central Asia which
must be of interest to 3ritish and American intelligence.

‘As well as Zdetecting aircraft and missiles, OTH also reveals
nucléa* bursts, which focus or diffuse the radio beam,

croducing unusually bright or dim echoes from ground about as
far away again.; One 2f the are;s "visable" would certainly
be Tyuiratanm, 4he Sovies Union's main rocket launching stat.on;

s

others would include the Xara “um desert and the Semipalatinsk

regions where the Russians are reported to have tested nuclear
weapons, the Sary 3Shagan ABM develorment center, the Tarim
desert where the Chinese are "e'*or"'ef4 T2 ¢ + missiles, as
w2ll as +«helir Lzcp licr nuclear Droving Jrouu.. Lop lor lies
2xaczTiy on the sr=at circle joining Cyorus to Ckinawa.

b
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Transmitter f.ecover

{(pran view)

Figure 1. Over-ine-Horizon (OTH) Radar Operating
in a Forward-Scatter Mode

Reproduced from
best available copy.
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Figure 2. Radar Cover of a Forward-Scatter OTH Transmitter in Cyprus
and Receiver in Okinawa (and Vice Versa). Cover Shown
for Transmitter Powers of 200 kW and 300 kW




A back-scatter radar in Cyprus running only at 33 kW (many
ordinary broadcasting stations run at higher powers than this)
would just illuriinate Tyuratam, while a transmitter broad-
casting with a power cf 300 kW would nominally cover the whole
areas in Figure 2; in practice about four times as much power
would be needed to allow for absorption on the second bcunce.
(The coverage for 200 kW is shown to illustrate how much more
rapidly forward-scatter coverage incre:ses with power than one
would expect from the fourth law for back-scatter radars.)

No doubt the victum of OTH intelligence cover would like to
take steps to stop it by jamming the receiver. Although a
relatively low-powered transmitter in the receiver's beam
working at the right frequency would obliterate target returns,
to do this operationally might be difficult. It would perhaps
be possible to shield a particular site from a particular
receiver by putting a jammer between them, but the problem of
tracking and imitating the radar frequency would vremain. The
intruders would any way be able to re-site the receiver,

which is not a very expensive ite':, particularly :£f it only
had to watch in one direction.

Although the Cyprus-Okinawa path gathers in a rich harvest

of sites, doubtless the Americans and British would like to
watch the other areas--particularly Russia's northern rocket-
launching site at Plesetsk, near Archangel, and their northern
nuclear testing ground in Novaya Zemblaya. It is significant
that Orford Ness lies very close to the great circle through
Plesetsk and Okinawa. We were told when it started operating
that Orford Ness was for the study of HF propagation in high
latitudes through aurorae. One can now see that this was
perfectly true, though the Ministry of Defense was careful
noc to say why they should wish to spend so much to learn
about this recondite subject. One must assume that the
experiments were a failure, since the station was closed down
in 1972 =2fter a year's operation. t may be a coincidence,
but Orford Ness lines up with Tyuratam and a point on the
north-west Australian coast not far from the U.S. Navy's
controversial) station at North West Cape for controlling
Polaris submarines. It is possible that there is, or wuas,

an OTH receiver there also. Or, again, it may have been
intended to work with the Australian Army's low-angle array |
at Rockbark. But since the path would have been 14,000 km or
more and the power demanded at least 1.2 MW, one must assume
that the returns were too weak to be useful.

However, the Orford Ness array is of some interest, since it
is the only known military site to have been photographed in
enough detail to make some guesses about the design (Figure 3).
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It consists of a fan of 13 aerials, 8°4l' apart, spread over
150° whose axis bears 60° True. Each aerial consists of a
wire about 430 meters long supported on a row of poles: those
farthest from the sea are 60 meters high, tapering to 13 meters
at the center of the fan. It rather looks as though the aerials
were meant to work in pairs to act as a front half of a rhombic
array. This gives a nonresonant aerial with high gain and a
sharply directional beam. For instance, at 40 MHz the two
wires of a V aerial this long need to be at 15° to each other.
This would mean selecting wires that straddle the desired
heading. The V so formed would need to be terminated in a
resistance of about 430 ohms. And presumably this is what

the metallic mushrooms are in the foreground (they would
certainly have to be massive, for at full power some 500 kw
would be dissipated in them). The downward slope towards the
sea would presumably aid low-angle propagation. In the hori-
zontal plane, one might expect a beam width of 5°30'. At the
lowest frequency of operation, 6 MHz, the beam width would be
about 26°. When the transmitter was operating, everyone had

to be cleared from the site lest their eyes be cooked.

If this interpretation is correct, Orford Ness is an odd
design and one not usually used for transmitters, since so
much energy is dissipated in the terminating resistors.
However, there may be other economic tradeoffs that are not
immediately apparent. For instance, the structure c¢f the
masts is reported to be most unusual, being made of concrete
or earthenware drain pipes cemented together. No doubt this
is to avoid eddy current losses in metal masts, and perhaps
the guy wires are formed from terylene. (ICI breifly marketed
a synthetic non-stretch rope for staying aerial masts; it was
also offered as shrouds for yachts but failed to perform well,
and is no longer available.)

Having said all this, which may be of some interest to the
radar specialist, what is the layman to make of it all? First,
one must deplore the secrec with which even the existence of
OTH radars is surrounded. It is naive to suppose that the
Russians and Chinese have not noticed torrents of HF energy
pouring across their most secret military installations,
especially since the Soviet Union seems to have had an early
lead in the technique.. Indeed, anyone anywhere in the world
with an ordinary communications receiver could detect emissions
from these stations. But it is a good thing that the Super
Powers should know as much as possible about each other's
capabilities, and it is presumably useful that a small amount
of the taxpayers' money should be spent to this end.




What one does not know is whether OTH is worth what it costs
(Orford Ness came in at about &£22 million) or whether it is
another expensive toy for the military; perhaps that is why
it is still secret. On the other hand, perhaps it works very
well, and that the recent Cyprus troubles are due partly to
the British and American determination to hold on to such a
useful vantage point. Certainly, when the Turks invaded the
island, there was debate whether the Marines should be sent
in to hold the OTH radars against our NATO allies.
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